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1. Introduction

The successful treatment of cancer involving DOX is limited to
a significant extent by its cardiotoxicities [1]. Once the
cumulative dose reaches 500 mg/m? further increment of
DOX would drastically increase the cardiomyopathy and
congestive heart failure. Therefore, to increase the potency
of DOX at the doses with clinically acceptable adverse effects
is one of the determinants for the successful chemotherapy.

The anti-cancer efficacies of DOX rely on its potency to
induce the apoptosis of cancer cells. Two distinct apoptotic
signaling pathways have been described. The first signaling
pathway is triggered by the death receptors (i.e. CD95/Apo-1/
Fas or TRAIL), the members of the tumor necrosis factor
receptor family [2-4]. After activation of these receptors,
caspase-8 is cleaved, followed by the activation of the
downstream effector caspases-3, -6 and -7. The second
apoptosis pathway is signaled by the cytosolic release of
cytochrome c from the mitochondria, which then initiates the
formation of apoptosome (APAF1/cytochrome c/pro-caspase-9
complex), where pro-caspase-9 is autocleaved to its active
form. Caspase-9 then primed the execution phase of apopto-
sis. It has been well documented that DOX is able to induce
apoptosis via mitochondrial pathway [5,6], although it is still
controversial if death receptor pathway is a major mechanism
of DOX-induced apoptosis [7-9]. On the other hand, cancer
cells could develop many mechanisms to reduce the anti-
cancer efficacies of DOX, such as expression of the MDR1 gene
[10], production of some apoptotic inhibitors such as Bcl-2 or
IAP3, and HSP70 [11,12], etc.

One of the ways to increase the efficacies of anti-cancer
drug is to use a sensitizer, which itself does not have the
activities to kill cancer cells, but can significantly enhance the
potency of the anti-cancer drugs [12-14]. Schisandrin B (Fig. 1),
the most abundant dibenzocyclooctadiene lingnan isolated
from the traditional Chinese medicinal herb Schisandra
chinensis (Turcz.) Baill, was shown to protect against carbon
tetrachloride-induced liver damage and myocardial ischemia-
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Fig. 1 — The structure of Schisandrin B.

reperfusion injury through removal of ROS via enhanced
cellular glutathione antioxidant status [15]. Recently, we
reported that this compound was a novel inhibitor of P-
glyocoprotein (P-gp) [16]. In this study, we demonstrated that
Sch B could significantly enhance the DOX-induced apoptosis
of SMMC7721, a human hepatic cancer cell line, and MCF-7, a
human breast cancer cell line, through a mechanism
associated with the activation of caspase-9, rather than
inhibition of P-gp. On the other hand, at the same experi-
mental conditions, Sch B did not enhance DOX-induced
apoptosis of adult rat cardiomyocytes and human fibroblasts.

2. Materials and methods
2.1. Reagents

DOX and rhodamin123 (Sigma, St. Louis, MO, USA); Sch B (the
National Institute for the Control of Pharmaceutical and
Biological Products); RPMI 1640, fetal calf serum, and 0.25%
trypsin (GibcoBRL, Grand Island, NY, USA); Trizol reagent, RT-
PCR kit (Promega, Madison, WI, USA); R-PE-conjugated mouse
anti-human P-gp and MRP1 monoclonal antibody (BD Phar-
Mingen, San Diego, CA, USA); All other chemicals were of the
highest purity available.

2.2. Cell lines and culture conditions

Primary human fibroblasts were isolated from surgically
resected foreskin using a institutionally approved protocol.
SMMC7721 and MCF-7 cells were maintained in RPMI-1640
containing 10% fetal calf serum and 300 mg/l glutamine
(GibcoBRL, Grand Island, NY, USA), and fibroblasts were
maintained in DMEM containing 10% fetal calf serum and
300 mg/l glutamine (GibcoBRL, Grand Island, NY, USA),
supplemented with 10% fetal bovine serum. Primary rat
cardiomyocytes were kindly provided by Dr. Wang]. (Sir Shao
Rou Rou’s Hospital, Zhejiang University Medical School) and
cultured in DMEM containing 10% fetal calf serum. Cells were
grown in a humidified CO, incubator at 37 °C, and subcultured
with 0.25% trypsin-0.02% EDTA.

2.3.  Cell viability assay

Cells were seeded into 96-well plates at a density of 5 x 10°%/
well. For the cell viability assay, cells were incubated with Sch
B for 2 days, followed by a MTT assay as described [17,18]. Data
were collected by reading at 570 nm with a model ELX800
Micro Plate Reader (Bio-Tek Instruments Inc., Highland Park,
USA). The percentage of cell survival was calculated by the
following formula: percentage of cell survival = (mean absor-
bance in test wells)/(mean absorbance in control wells) x 100.

2.4.  Apoptosis assays

Apoptotic rates were analyzed by flow cytometry using
Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) kit (Sigma, St. Louis, MO, USA), in which Annexin
V bound to the exposed phosphatidylserine on the plasma
membrane of the apoptotic cells. Staining was performed
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according to the manufacturer’s instructions, and flow
cytometry was conducted on a FACS Caliber (Becton Dick-
inson, Mountain View, CA). Statistical analysis was performed
using WinMDI software version 2.8. The percentage of the
early apoptosis was calculated by the dimension of Annexin V
positive but PI negative, while the percentage of the late
apoptosis plus necrosis was calculated by the dimension of
Annexin V positive and PI positive.

Alternatively, the apoptotic cells were determined by
propidium iodide staining as described previously [19]. Briefly,
1 x 10° cells were harvested and washed in PBS, then fixed in
75% ethanol for 24 h at 4 °C. After three-time washes with ice-
cold PBS, cells were resuspended in 1 ml of PBS solution with
40 pg of propidium iodide (Sigma, St. Louis, MO, USA) and
100 pg of RNase A (Sigma, St. Louis, MO, USA) for 30 min at
37 °C. Samples were then analyzed for their DNA content by a
FACS Caliber. The Sub-G1 population represented the apop-
totic cells [19].

2.5.  Caspase inhibition assay

The Caspase inhibitor zZVAD-FMK and its control zFA-FMK
were purchased from R&D Systems Products (Minneapolis,
MN, USA) and dissolved in DMSO at a stock concentration of
10 mM. Cells were seeded in six-well plate and treated with
DOX, Sch B, or the two drug combined, in the presence or
absence of zZVAD-FMK (final concentration 50 uM) or zFA-FMK
(final concentration 20 uM) for 48 h in a humidified CO,
incubator at 37 °C. The apoptotic cells were determined by
propidium iodide staining as described above.

2.6. DOX uptake and efflux assay

For determination of DOX accumulation and retention, cells
were seeded in six-well plates at a density of 1 x 10%/well. Cells
were incubated with 5 pM DOX with or without 50 uM Sch B in
the dark at 37°C in a humidified CO, incubator for an
appropriate time interval. Then, cells were trypsinized from
the subconfluent monolayer of cells, washed twice with ice-
cold PBS, and immediately measured for the intracellular DOX
using a FACS Caliber with a 488 nm argon laser for excitation.
The red fluorescence of DOX was measured by a 575 nm band-
pass filter. In the drug retention assay, cells were incubated
with 5 pM DOX in the dark at 37 °C in 5% CO, for 60 min. Then
cells were trypsinized from the subconfluent monolayer of
cells, and the cell pellet was washed twice with ice-cold PBS,
resuspended in Hanks solution without phenol red containing
50 uM Sch B or not for 30, 60, 90, and 120 min, and immediately
measured for the intracellular DOX using a FACS Caliber at
excitation wavelength of 488 nm and emission wavelength of
575 nm [20].

2.7.  Quantitative real-time PCR of MDR1 mRNA

MDR1 mRNA was analyzed by quantitative real-time RT-PCR.
MDR1 mRNA positive control was extracted from MCF-7/DOX
cells, a MDR cell line with over-expression of P-gp. Cells were
seeded on 24-well plates at a density of 0.5 x 10°/well in the
presence of DOX for an appropriate time interval, and
collected for total RNA extraction. Total RNA was isolated

from MCF-7/DOX cells by a TRIzol reagent according to the
manufacturer’s instruction. The quality of the total RNA was
confirmed by the integrity of 28S and 18S rRNA. The first strand
cDNA was synthesized from extracted RNA using an Oligo dT
as primer.

Real time PCR reaction was carried out in 50 pl containing
the c¢DNA, primers, fluorescent probe, dNTPs, and Taq
enzyme, and performed in the ABI-prism 7700 Sequence
Detector™ (PE Applied Biosystems, Foster City, CA, USA). In
brief, MDR1 forward primer 5'-AGAAAGCGAAGCAGTGGTTCA-
3’ and MDR1 reverse primer 5-CGAACTGTAGACAAACGAT-
GAGCTA-3' amplified a 90-bp fragment from the MDR1 cDNA
that was detected by the FAM-labeled TagMan probe 5'-
TGGTCCGACCTTTTCTGGCCTTATCCA-3' [21]. The reaction
was performed in triplicate for each RT product. Samples
were heated for 2 min at 50 °C and 10 min at 95 °C, followed by
40 cycles of amplification for 15 s at 95 °C and 1 min at 60 °C.
The fluorescent signal was determined using Sequence
Detector™ software (PE Applied Biosystems, Foster City, CA,
USA), giving the threshold cycle number (Ct) at which PCR
amplification reached a significant threshold. Then the Cr
value is defined as the difference in Ct value for the MDR1 and
GAPDH mRNA, the internal standard, and the relative MDR1
mRNA expression level was presented as 274¢t,

2.8. RT-PCR of MRP1 mRNA

MRP1 mRNA positive control was extracted from HL60/DOX, a
MDR cell line with overexpression of MRP1. The PCR primers
were 5-ttc cag cct tec tte ctg gg-3 (forward) and 5-ttg cgc tca gga
gga gca at-3 (reverse) for B-actin, and 5-ggt gct tcc cac gga gg-3
(forward) and 5-tca acc aca aaa ctg cag cc-3 (reverse) for mrpl.
Amplification was performed in a DNA thermal cycler (Perkin-
Elmer, CA, USA) according to the following protocol: (a) for
mrpl, initial denaturation for 5min at 95°C; 35 cycles of
denaturation for 15s at 95°C, primer annealing for 15s at
60 °C, polymerization for 15 s at 72 °C, and final extension for
5 min at 72 °G; (b) for B-actin, initial denaturation for 5 min at
95 °C followed by 35 cycles of denaturation for 15s at 95 °C,
primer annealing for 15s at 60 °C, polymerization for 15s at
72 °C; and final extension for 5 min at 72 °C. PCR products were
separated on ethidium bromide-stained 1.5% agarose gels.
Expected RT-PCR product sizes were 182bp for mrpl and
250 bp for B-actin.

2.9.  FACS analysis of P-gp

For determination of P-gp, cells were labeled with R-PE-
conjugated mouse anti-human P-gp monoclonal antibody (BD
PharMingen, San Diego, CA, USA) according to the manufac-
ture’s instruction. The fluorescence intensities of the gated cell
populations were measured with a FACS Caliber flow cytometer
and analyzed with CELL Quest software (Becton Dickinson, San
Diego, CA, USA). Appropriate R-PE-conjugated IgG isotype
controls were used for correction of nonspecific labeling.

2.10. Western Blot

Cells (1 x 10%well) were incubated in the presence or absence
of drugs for an appropriate time interval. Cells were then lysed
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in a sample buffer containing 625 mM Tris-HCI (pH 6.8), 10%
SDS, 25% glycerol, 5% B-mercaptoethanol, and 0.015% brom-
phenol blue, followed by sonication and heat denaturation.
The protein (40 png) was applied to a 12% SDS-polyacrylamide
gel, transferred to a nitrocellulose membrane, and then
detected by the proper primary and secondary antibodies
before visualization by chemiluminescence (Chemilumines-
cence Kit, Pierce, Rockford, IL). Visualization was performed
with a Molecular Imager FX (Bio-Rad Laboratories, CA, USA )
using Kodak ID imaging densitometry analysis software on a
Macintosh personal computer. The antibodies used are rabbit
polyclonal anti-human caspase-3 and mouse monoclonal
anti-human PARP (Santa Cruz Biotechnology, CA, USA), mouse
monoclonal anti-human caspase-8 and mouse monoclonal
anti-human caspase-9 (R&D Systems, Minneapolis, MN, USA),
rabbit anti-actin IgG (Biomedical Technologies Inc., Stoughton,
MA, USA), and the secondary antibody (HRP-conjugated
anti-rabbit IgG; HRP-conjugated anti-mouse IgG, Santa Cruz
Biotechnology, CA, USA)

2.11.
(A¥)

Detection of mitochondrial membrane potential

Loss of mitochondrial membrane potential was assessed by
flow cytometry, using a fluorescent indicator Rhodanmin123
(Rh123, Sigma, St. Louis, MO, USA), as described [22-24].
Briefly, cells were treated with DOX in the presence or absence
of Sch B for an appropriate interval. Then, Rh123 working
solution was added to the culture to the final concentration of
2 pg/ml and then incubated in the dark at 37 °C for 30 min.
Cells were then washed with PBS and detected immediately
for the fluorescence of Rh123 using a FACS Caliber, at
excitation wavelength of 488 nm and emission wavelength
of 525 nm.

2.12. Statistical analysis
Data were expressed as the mean =+ S.D., and analyzed by the

Student’s t-test. P-values below 0.05 were regarded as
statistically significant.

3. Results
3.1. Sch B enhances DOX-induced apoptosis of cancer cells

In order to set Sch B at concentrations which is nontoxic to
cells but could enhance DOX-induced apoptosis, we assayed
the cytotoxicities of Sch B at concentrations ranging from 0 to
150 uM. Fig. 2 showed that Sch B at concentrations below
50 pM neither significantly inhibited the growth of SMMC7721
using a MTT assay, nor significantly increased the Sub-G1
(apoptotic) percentage as assayed by a FACS analysis. There-
fore, unless otherwise stated, Sch B at 50 uM was used for the
subsequent studies.

To test if Sch B was able to enhance DOX-induced
apoptosis, we incubated SMMC7721 cells with 1 uM DOX in
the presence or absence of Sch B. As shown in Fig. 3, the early
and later apoptotic cells constituted 5.1 + 2.8 and 15.5 + 4.3%,
respectively, when the cells were treated with DOX alone,
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Fig. 2 - Effects of Sch B on proliferation and apoptosis of
SMMC7721 cells. Cells were incubated with Sch B for 2
days and subjected for a MTT assay to measure the
proliferation or FACS analysis to determine the Sub-G1
cells as described in Section 2. Data were means =+ S.D. of
three independent experiments.

whereas they constituted 12.2+ 1.1 and 27.0 £6.7, respec-
tively, when the cells were treated with DOX and Sch B
combined. Since Sch B alone did not induce apoptosis, it is
obvious that Sch B is able to augment the potency of DOX.

The Sch B-enhanced DOX-induced apoptosis was also
observed for MCF-7, a human breast cancer cell line (Fig. 4A),
when MCF-7 was treated with 1 .M DOX alone, apoptotic cells
only accounted for 7.15 + 1.56%, whereas they accounted for
16.63 4+ 1.43%, when cells were treated with DOX and Sch B
combined. Fig. 4B showed that Sch B at concentrations below
50 uM did not significantly inhibit the growth of MCF-7.

3.2 Sch B does not enhance DOX-induced apoptosis of
normal cells

To test if Sch B can also enhance DOX-induced apoptosis in
normal cells, we treated rat cardiomyocytes or human
fibroblast cells with DOX in the presence or absence of Sch
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Fig. 3 - Effect of Sch B on the apoptosis of SMMC7721 induced by DOX. Cells were incubated with DOX in the presence or
absence of Sch B for 2 days and assayed for apoptosis as described in Section 2. Early Apoptotic cells are Annexin V positive
but PI negative; late apoptotic and necrotic cells are Annexin V and PI positive; (A) control, 0.1% DMSO; Sch B, 50 pM; DOX,
1 pM; DOX 1 pM + Sch B 50 pM. (B) Summary of (A). Data are mean =+ S.D. of four assays.

B, using a protocol exactly the same as in treating SMMC7721.
As shown in Fig. 5A and B, the apoptotic rates induced by DOX
alone or combined constituted 7.8 £2.1 and 8.82 4+ 1.03%,
respectively, indicating that Sch B did not enhance the
apoptosis of rat cardiomyocytes induced by DOX. Similar
results were observed when human fibroblasts were treated
with DOX in the presence or absence of Sch B ( Fig. 5C).

3.3. Sch B-enhanced apoptosis is irrelevant with the
altered drug transport

We recently demonstrated that Sch B was a relatively
potent inhibitor of P-gp [16]. Therefore, it is possible that
the Sch B-enhanced DOX-induced apoptosis is caused
by its action on P-gp. To test this possibility, we determined
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Fig. 4 - (A) Effects of Sch B on enhancing apoptosis of MCF-7
cells induced by DOX. Cells were treated with DOX (1 pM)
in the presence or absence of Sch B for 48 h, stained with
propidium iodide, and measured for Sub-G1 (apoptotic cell
percentage) using a FACS Caliber as described in Section 2.
Data are mean * S.D. of two independent experiments. (B)
Inhibition of MCF-7 proliferation by Sch B. Cells were
incubated with Sch B for 2 days and subjected for a MTT
assay to measure the proliferation as described in Section
2. Data are mean * S.D. of three independent
experiments.

the expression of P-gp and the intracellular DOX
accumulation.

Firstly, we determined the expression of MDR1 mRNA in
SMMC7721 cells treated with DOX for different time intervals
using quantitative real-time RT-PCR. MCF-7/DOX, a breast
cancer cell line with overexpression of P-gp, was used as the
positive control [16]. Although MDR1 mRNA was detected after
exposure to DOX (Fig. 6A), it only constituted less than 0.1% of
the positive control. The expression of MDR1 mRNA in
SMMC7721 cells was comparable between groups of different
times of DOX exposure. To test if P-gp is expressed in
SMMC7721 during exposure to DOX, we determined P-gp in
those cells by FACS analysis. The results demonstrated that
expression of P-gp, if any, is negligible in the cells treated with

DOX (Fig. 6B). The results were agreeable with the previous

reports [25] that low doses of DOX could slightly increase the
mdrl mRNA but not the protein expression. Therefore, Sch B
enhanced DOX-induced apoptosis is unlikely via its action on
P-gp, because the latter is not expressed.

We next checked the expression of MRP1 mRNA in
SMMC7721 cells treated with DOX for different times.
HL60/DOX was used as the positive control. As shown in
Fig. 6C, except for the positive control, MRP1 mRNA was not
detected in SMMC7721 cells treated with DOX in the
indicated exposure time, proving that the Sch B enhanced
DOX potency is not a consequence of its inhibition of
MRP1.

To test if Sch B-enhanced DOX potency is not a result of its
inhibition of any other or undefined drug-transporters which
may recognize DOX as a substrate, we examined the effects of
Sch B on DOX accumulation in SMMC7721 cells. SMMC7721
cells were exposed to 5 uM DOX in the presence or absence of
Sch B (50 uM), and intracellular DOX was determined by flow
cytometry at the indicated times. The intracellular DOX in the
presence or absence of Sch B was comparable without a
significant difference (Fig. 6D). Likewise, there was no
significant difference of DOX efflux between the two groups
(Fig. 6E). Similar results were obtained when MCF-7 was
assayed (data not shown). These data indicated that Sch B-
enhanced DOX-induced apoptosis was not a result of its action
on any DOX-efflux pumps.

Using confocal microscopic technologies, we observed the
intracellular distribution of DOX in SMMC7721 cells in the
presence or absence of Sch B. The results showed that Sch B
did not affect the intracellular distribution of DOX (data not
shown).

3.4. Sch B-enhanced apoptosis is caspase-dependent

Since Sch B-enhanced apoptosis in SMMC7721 is irrelevant
to drug-transporters, we tested if this enhancement is
through mechanisms involving apoptosis pathways.
zZVAD-FMK, a general caspase inhibitor, was applied to
determine whether the apoptosis of SMMC7721 treated with
a mixture of DOX and Sch B is caspase dependent or
independent. The results showed that zZVAD-FMK not only
blocked the apoptosis induced by DOX alone or combined
treatment, but also abolished the difference (P >0.05) in
the apoptotic rate between the two groups (Fig. 7), indicating
Sch B enhanced apoptosis is caspase dependent. Similar
results were obtained when MCF-7 was assayed (data not
shown).

Then we further checked if the caspase-3, the major
effector of caspase, and PARP, the main substrate of caspases,
were involved. Activation of caspase-3 was assessed by the
decreased amount of pro-caspase-3 based on Western blot
analysis [26]. Sch B alone resulted in no significant change of
pro-caspase-3, as compared with the control. DOX and Sch B
combined treatment caused a pronounced reduction of pro-
caspase-3, as compared with DOX alone, indicating the
enhanced cleavage of the pro-caspase-3 to its active form
(Fig. 8). Correspondingly, the cleavage of PARP (85kDa
fragment ) was the most pronounced by the DOX-Sch B-
combined treatment (Fig. 8), agreeable with the amount
change of pro-caspase-3.
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Fig. 5 - Effects of Sch B on DOX-induced apoptosis of normal cells. Adult rat cardiomyocytes (A and B) or human fibroblasts
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described in Section 2. Early Apoptotic cells are Annexin V positive but PI negative; late apoptotic and necrotic cells are
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3.5. SchB enhances apoptosis via caspase-9 rather than
caspase-8

Two distinct apoptotic pathways, the death receptor path-
way which activates pro-caspase-8, and mitochondiral
pathway which activates pro-caspase-9, were associated
with DOX-induced apoptosis. As shown in Fig. 9, Sch B alone
activated neither pro-caspase-9 nor pro-capase-8 in
SMMC7721 cells. The activation of caspase-8 was compar-
able between DOX alone and combined treatment (Fig. 9). On
the other hand, Sch B and DOX combined treatment caused a
cleavage of pro-caspase-9 to its active forms (37 and 29 kDa),
significantly more than DOX alone (Fig. 9). Similar data were
obtained when MCF-7 was treated the same way as
SMMC7721 (data not shown). These results indicated that

Sch B enhanced DOX-induced apoptosis most likely via
mitochondrial pathway.

Since caspase-9 activation is mainly via the mitochondrial
pathway, and since the loss of A, is an event in the
mitochondria apoptotic pathway earlier than caspase-9
activation, we tested if combined treatment also caused the
loss of the mitochondrial membrane potential. Since depolar-
ization of AY¥,, can be represented by the reduced Rh123
accumulation in mitochondria[22], we used this fluorescent
indicator to estimate the effects of DOX and Sch B on the loss
of the membrane potential of mitochondria. As shown in
Fig. 10, after exposure to 1 uM DOX in the presence of 50 pM
Sch B for 48h, cells exhibited much lower Rh123 staining
(270.08 £ 3.93) than control’s 408.46 + 5.22 (P < 0.01), although
DOX alone reduced Rh123 staining mildly (360.55 =+ 3.65).
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intensity at start of efflux was arbitrarily taken as 100%. Data are mean * S.D. of triplicate determinations.

There were no significant differences between Sch B alone and
control.

3.6.
to ROS

Sch B-enhanced DOX-induced apoptosis is irrelevant

It is recently reported that DOX-induced apoptosis of cancer
cells and cardiomyocytes through different apoptotic signal-
ing pathways, while the former was mainly p53 dependent,
the latter was mediated by ROS [30]. In this study, we found
that Sch B was able to increase the potency of DOX against
SMMC7721 and MCF-7 cells but not primary rat cardiomyo-
cytes and primary human fibroblasts. We try to know if Sch B-
enhanced apoptosis in cancer cells was associated with DOX’s

capacity to generate ROS. SMMC7721 cells were treated with
DOX, mitoxantrone (an anthracycloquinone that generates
much less ROS than DOX) [1], or vincristine (a non-ROS
generator) [27] in the presence or absence of Sch B. The results
demonstrated that Sch B indiscriminately enhanced the
potency of the three drugs (Fig. 11), indicating that apoptotic
enhancementby Sch B was irrelevant to the latter’s capacity to
generate ROS.

4, Discussion

We recently demonstrated that Sch B could reverse cancer
MDR via inhibiting P-gp [16]. This finding prompts us to
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Fig. 7 - Inhibition of apoptosis of SMMC7721 by the caspase
inhibitor zZVAD-FMK. SMMC7721 cells were incubated with
a mixture of 1 pM DOX and 50 pM Sch B with or without
zVAD-FMK or zFA-FMK (the control) for 48 h. Apoptotic
rate was determined by PI staining. Values represent the
mean = S.D. of triplicate determinations.

investigate if this compound can also enhance the potency of
anthracyclines via other mechanisms rather than P-gp.
Choosing anthracyclines for this study is because (1) anthra-
cyclines are a class of very efficacious anti-cancer agents
toward a wide spectrum of malignancies and (2) they
displayed severe dose-dependent cardiotoxicities once the
cumulative doses over 500 mg/m? [29]. If Sch B could enhance
the anti-cancer efficacies of DOX, it would correspondingly
reduce the dose of DOX and its associated toxicities. Indeed,
our results indicated that Sch B could enhance DOX-induced
apoptosis of cancer cells for about two-fold, but not adult rat
cardiomyocytes, suggesting its potential clinical application in
the future as an adjuvant.

One of the mechanisms that Sch B enhances DOX-induced
apoptosis lies in its capacity to inhibit P-gp and other drug
pumps. Since P-gp could efficiently expel the intracellular DOX
out of cells, and since Sch B is a relatively potent inhibitor of
the former, it is likely that the enhanced DOX-induced
apoptosis is in fact the inhibition of P-gp by Sch B, resulting
in a significant increase of intracellular DOX and a conse-
quently increased apoptosis. This possibility was ruled out by
the evidence that there was no detectable protein of P-gp in
SMMC7721 cells. Intracellular drug accumulation and reten-
tion assays further demonstrated that it is unlikely that the
enhanced apoptosis is a result of its action on other possible
drug pumps.

Since Sch B-enhanced apoptosis is not a result of its action
on drug pumps, we assumed that it could increase the
sensitivity of SMMC7721 cells toward DOX via caspase path-
ways. Addition of the caspase inhibitor zZVAD-FMK blocked
DOX-induced apoptosis in the presence or absence of Sch B
and abolished the difference of the apoptotic rates between
the two groups, proving that the Sch B-enhanced potency of
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Fig. 8 - Determination of caspase-3 and PARP in SMMC7721
cells treated with DOX in the presence or absence of Sch B
by Western Blot. The activation of caspase-3 is reflected by
the reduced amount of pro-caspase-3, and the activation
of PARP is reflected by the amount of the cleaved 85 kDa
PARP. B-Actin served as an internal control. The densities
of the bands were quantified by a Kodak ID imaging
densitometer, and calibrated by the internal standard p-
actin. The data are representative of three separate
experiments.

DOX is caspase-dependent. Since DOX could trigger apoptosis
in cancer cells via both death-receptor and the mitochondrial
pathways, we tried to answer via which apoptotic pathway
Sch B enhanced DOX. Our results indicated that whereas Sch B
did not enhance the cleavage of pro-caspase-8, it substantially
enhanced caspas-9 accompanied with a significant elevation
of mitochondrial breakdown, indicating mitochondrial sig-
naled apoptotic pathway is the major mechanism [28].
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Fig. 9 - Determination of caspase-8 and -9 in SMMC7721
cells treated with DOX in the presence or absence of Sch B
by Western Blot. The activation of caspase-9 is reflected by
the bands of cleaved 37 and 29 kDa and the activation of
caspase-8 is reflected by the band of cleaved 43 kDa. The
densities of the bands were quantified by a Kodak ID
imaging densitometer, and calibrated by the internal
standard B-actin. The data are representative of three
separate experiments.

It has been generally accepted that the dilative cardiomyo-
pathy and congestive heart failure caused by DOX are
associated with its activities to induce apoptosis of cardio-
myocytes. Recently, Wang et al. reported that DOX-induced
apoptotic mechanisms in cardiomyocytes and cancer cells
were different. While the former is ROS dependent, the latter

Relative fluorescence unit
of Rh123 staining
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0_.

Control SchB Dox
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Fig. 10 — Determination of collapse of mitochondrial
membrane potential (A¥%,,) in SMMC7721 cells treated with
DOX in the presence or absence of Sch B. Data are

mean * S.D. of three independent experiments.

is ROS independent [30]. In this study, we provided the
evidence that Sch B-enhanced potency of anti-cancer drugs
against cancer cells is irrelevant with the latter’s ability to
generate ROS in SMMC7721 cells. Therefore, itis not surprising
that while Sch B significantly enhanced the apoptosis of
SMMC7721 and MCF-7 induced by DOX, at the same experi-
mental conditions, it did not enhance the apoptosis of primary
rat cardiomyocytes induced by this drug.

Besides its activities enhancing the potency of DOX, Sch B
has the following advantages as an anti-cancer adjuvant. First
of all, Sch B is a potent P-gp inhibitor[16]. Secondly, Sch B is a
strong liver protective agent, which is specifically meaningful
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Fig. 11 - Sch B indiscriminately enhances the apoptosis of
SMMC7721 induced by DOX, mitoxantrone, or vincristine.
Cells were incubated with anti-cancer drugs (DOX, 1 pM,
mitoxantrone, 2.5 pM, vincristine, 1 pM) in the presence or
absence of Sch B (50 uM) for 2 days and assayed for
apoptosis as described in Section 2. Data are mean * 4
determinations.
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for the therapy of hepatic cancers by reducing the hepatic
toxicities associated with anti-cancer agents. Thirdly, its
activities to improve mitochondrial GSH redox status [31,32]
may even mitigate cardiotoxicity induced by repeated admin-
istrations of DOX. Lastly, Sch B is of high safety. Sch B is one of
the major components present in Schisandra chinensis. S.
chinensis is listed in the Chinese Pharmacopoeia and indexed
as a tonic and sedative. Although S. chinensis has been widely
used as a medication with multiple functions for the last
several thousand years in China, the adverse effect of S.
chinensis associated to the treatment was not reported. The
doses of Sch B used to protect the liver caused by carbon
tetrachloride were as high as 3 mmol/kg (1200 mg/kg) in mice,
indicating virtually nontoxic nature of this compound [33,34].
Further toxic data related to Sch B are refered to the review
article [35]. Bearing the multiple functions and high safety, Sch
B is of potentials as a candidate adjuvant for cancer therapy.
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