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Levistolide A synergistically enhances doxorubicin-induced
apoptosis of k562/dox cells by decreasing MDR1
expression through the ubiquitin pathway
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Abstract. Multidrug resistance (MDR) is one of the main
reasons underlying failure of cancer chemotherapy. Certain
natural compounds may help prevent MDR, and may be used
in combination with chemotherapeutic agents to enhance their
efficacy. Levistolide A is a natural product that is extracted
from the rhizome of Angelicae sinensis (Oliv.), which has
been used as an essential component of antitumor formulas
since ancient times in China. The present study conducted the
following experiments: MTT assay, apoptosis analysis, cellular
doxorubicin accumulation assay, immunoblotting and reverse
transcription-quantitative polymerase chain reaction, to inves-
tigate whether levistolide A enhance doxorubicin-induced
apoptosis of k562/dox cells and to determine the molecular
mechanisms involved. When combined with doxorubicin,
levistolide A exhibited a synergistic effect and induced cyto-
toxicity in k562/dox cells. Drug accumulation studies revealed
that levistolide A increased the intracellular concentration of
doxorubicin in a dose-dependent manner. Cell apoptosis exper-
iments indicated that levistolide A increased the sensitivity of
k562/dox cells to doxorubicin. Furthermore, detection of reac-
tive oxygen species (ROS) revealed that levistolide A enhanced
doxorubicin-induced cell death by increasing the levels of
ROS. Mitochondrial potential detection with JC-1 staining
also indicated that levistolide A synergistically enhanced
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doxorubicin-induced cell death. Immunoblotting demonstrated
that levistolide A enhanced doxorubicin-induced cell death
by decreasing the expression levels of B-cell lymphoma 2
and increasing caspase 3 expression. Furthermore, multidrug
resistance protein 1 (MDR1) expression in k562/dox cells was
downregulated by levistolide A in a dose-dependent manner,
thus suggesting that levistolide A may modulate MDR1 during
cancer therapy. Therefore, the combination of levistolide A
with doxorubicin could result in more effective and less toxic
anticancer regimens.

Introduction

Multidrug resistance (MDR) is a major impediment to effec-
tive cancer chemotherapy and the treatment of infectious
diseases (1). The development of drug resistance remains a
dominant obstacle toward curative cancer treatment. MDR can
be induced by numerous mechanisms, including reduced drug
uptake, altered cell cycle checkpoints and cell cycle arrest,
altered drug targets, increased drug efflux by drug transporters,
or sequestration of anticancer drugs in lysosomes, intracellular
organelles and intercellular vesicles (2-12). Overexpression
of various ATP-dependent efflux pumps, particularly ATP
binding cassette (ABC) subfamily B member 1, which
encodes multidrug resistance protein 1 (MDRI1, also known
as P-glycoprotein), is a well-known resistance mechanism
against several chemotherapeutic agents; for example, taxanes,
anthracyclines, vinca alkaloids and epipodopyllotoxins. This
has been demonstrated in previous studies (13), both in tumor
cell lines and in numerous tumor types, including solid tumors
and hematological malignancies (13).

In tumor cells, MDR1 pumps out anticancer drugs, such
as doxorubicin, taxanes, anthracyclines, vinca alkaloids and
epipodopyllotoxins, resulting in decreased intracellular drug
concentrations (14,15). MDRI1-mediated drug resistance
can be effectively overcome by either blocking the function
of MDRI1 or by inhibiting its expression (16). In addition,
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other mechanisms underlying drug resistance have been
described, including activation of p53, deletion or inactivation
of the pro-apoptotic gene caspase 3, increased expression of
the proto-oncogene B-cell lymphoma 2 (Bcl-2), suppression
of the apoptosis pathway and increased protein expression of
ATP transporters, all of which can promote tumor cell resis-
tance to chemotherapeutic drugs (17-21).

Apoptosis involves a series of morphological and biochem-
ical events, including DNA degradation, cell shrinkage,
protein cleavage, protein cross-linking, phosphatidylserine
exposure, increased mitochondrial membrane permeability
and cell membrane deformities (22). There are two major
apoptotic pathways: The extracellular pathway, which is
mediated by death receptors, and the intracellular pathway,
which is also known as mitochondrial apoptosis. Although
these two pathways function separately, they are intercon-
nected and eventually converge on the same target (23). The
process of apoptosis is closely regulated by cells through a
series of mitochondrial pathway molecules, particularly the
Bcl-2 family (24). Apoptosis is a normal form of cell death
that is closely associated with biological development, organ
formation and physical balance. The most prominent feature
of tumor cells is the ability to escape control by the host and to
avoid cell apoptosis.

The ubiquitin-proteasome pathway (UPP) is an important
pathway that selectively degrades proteins in vivo; the majority
of eukaryotic protein degradation is accomplished in this
manner (25). This pathway also serves an important role in the
regulation of apoptosis. It has previously been reported that
proteasome inhibitors can induce cellular apoptosis in various
tumor cells by blocking the ubiquitination pathway; these
findings provide a direct and powerful means for studying the
role of the UPP in apoptosis (25). In addition, the proteasome
inhibitor, MG132, induces nuclear damage, reduces mitochon-
drial transmembrane potential, releases cytochrome c, induces
the formation of reactive oxygen species (ROS), activates
caspase-8, and affects Bcl-2 family proteins to affect MDR.
Therefore, proteasome inhibitors are closely associated with
drug resistance in cancer therapy (26-28).

Natural products are garnering interest in the field of
cancer therapy. Some compounds extracted from fruits, vege-
tables, oilseeds and herbs have been reported to modulate the
activity of MDR1 (29-31). Levistolide A is a natural compound
extracted from the rhizome of Angelicae sinensis (Oliv.) (32).
It has been used clinically in China to treat gynecological
symptoms, anemia, chronic bronchitis, asthma, rheumatism
and other diseases (33). With regards to antitumor therapies,
the most important effects of Angelicae sinensis are that it
enhances the efficacy and reduces the normal cell toxicity of
chemotherapeutic drugs (34-36). Our previous study screened
and identified levistolide A as an active compound capable
of inhibiting tumor cell proliferation (37). The present study
aimed to reveal the mechanisms underlying the synergistic
effects of levistolide A towards doxorubicin-induced apoptosis
of k562/dox cells.

Materials and methods

Reagents. Levistolide A (Fig. 1) was obtained from
Shanghai Suo Laibao Biotechnology Co., Ltd. (Shanghai,

1199

China). Doxorubicin was obtained from Sigma-Aldrich;
Merck KGaA (Darmstadt, Germany). Antibodies against the
apoptosis regulators Bcl-2 (cat. no. 4223) and Bcl-2-associated
X protein (Bax; cat. no. 5023) were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). Primary
antibodies against MDR1 (cat. no. sc-8313) were obtained
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA),
against breast cancer resistance protein [BCRP (ERP2099);
cat. no. abl08312) were purchased from Abcam (Cambridge,
MA, USA) and GAPDH (cat. no. AB-P-R001) were obtained
from Hangzhou Goodhere Biotechnology Co., Ltd. (Hangzhou,
China) MG132, dimethyl sulfoxide (DMSO) and MTT were
purchased from Sigma-Aldrich; Merck KGaA. RPMI-1640
medium was obtained from Gibco; Thermo Fisher Scientific,
Inc. (Waltham, MA, USA).

For all experiments, stock solutions of the drugs were
dissolved in DMSO. The final concentrations of the drugs were
obtained by diluting the stock solutions in RPMI-1640 culture
medium. The final concentration of DMSO was always <0.2%
in order to avoid cell toxicity.

Cell culture. Doxorubicin-induced MDR erythroleukemic
k562/dox cells and parental k562 cells were obtained from the
Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China). To maintain doxorubicin resis-
tance, k562/dox cells were cultured with 1.0 M doxorubicin.
Cells were maintained in RPMI-1640 medium supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (HyClone;
GE Healthcare Life Sciences, Logan, UT, USA) at 37°C under
a humidified atmosphere containing 5% CO,.

Cytotoxicity assays. Cell viability was determined using the
MTT assay. k562 and k562/dox cells were seeded into 96-well
plates (5x10° cells/well) and were then treated with various
concentrations of doxorubicin (with or without levistolide A)
for 48 h at 37°C.In addition, k562/dox cells were incubated with
0,2,4,8 and 10 uM MGI32 for 24 h at 37°C. After discarding
the medium, the MTT solution (500 pxg/ml) was added and
cells were incubated for 4 h at 37°C. The formazan was solu-
bilized with DMSO and relative cell viability was measured at
490 nm with a microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Growth inhibition in response to various
concentrations of doxorubicin and levistolide A was calculated
using GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla,
CA, USA).

The nature of the interaction (whether it was synergistic,
additive or antagonistic) between doxorubicin and levis-
tolide A, as a function of their concentrations and cell growth
inhibition, was assessed using the combination index (CI)
method (38). For the combination of two compounds:
CI=D1/D,,+D2/D,, + D1xD2/D,,xD,,; where DI and D2
are the concentrations required to observe the x % effect
when K562/dox cells were cotreated with doxorubicin and
levistolide A; D,, and D,, are the concentrations required to
observe the x effect with each of the two drugs alone. The CI
helps to identify synergistic (Cl<1), additive (CI=1) or antago-
nistic (CI>1) interactions.

Cellular doxorubicin accumulation assay. The k562/dox and
k562 cells were cultured in 6-well plates for 24 h to allow
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Figure 1. High-performance liquid chromatography chromatogram and
structural diagram of levistolide A (purity, >99%).

attachment. Subsequently, the cells were incubated with
DMSO alone (control), with 1.2 uM doxorubicin, or with doxo-
rubicin plus 50 or 100 M levistolide A for 24 h. After washing
twice with PBS, the cells were treated with 400 u1 PBS and
were gently mixed before being analyzed using a FACSort
flow cytometer with CellQuest Pro Ver. 6.0 software (both
BD Biosciences, Franklin Lakes, NJ, USA).

Cell apoptosis. The k562/dox cells (1x10° cells/ml) were
seeded into 6-well plates. Once they reached 80% confluence,
cells were treated with 1.2 yuM doxorubicin; 0, 10 or 100 xM
levistolide A; or with both drugs for 24 h. Apoptosis was
detected using the Annexin V-fluorescein isothiocyanate/prop-
idium iodide (PI) double staining method. The cells were
washed twice with ice-cold PBS, resuspended in PBS (100 pl)
and were incubated with Annexin V and PI labeling solu-
tion (5 pl) at room temperature for 15 min. Subsequently, the
cells were gently vortexed and incubated for 15 min at room
temperature in the dark. Following the addition of 400 ul
1X binding buffer, the percentage of apoptotic cells was
measured within 1 h using the BD Accuri™ C6 Plus Flow
Cytometer (BD Biosciences).

ROS assay. The k562/dox cells (1x10° cells/ml) were seeded
into 6-well plates. Once they reached 80% confluence, cells
were treated with 1.2 uM doxorubicin; 0, 10 or 100 uM
levistolide A; or with both drugs for 12 h. ROS were detected
using the ROS Assay kit (cat. no. 50101ESO1; Shanghai Yi
San Biotechnology Co., Ltd., Shanghai, China), according to
the manufacturer's protocol.

JC-1 mitochondrial membrane potential assay. The k562/dox
cells (1x10° cells/ml) were seeded into 6-well plates. Once
they reached 80% confluence, cells were treated with 1.2 yM
doxorubicin; 0, 10 or 100 M levistolide A; or with both
drugs for 24 h. The mitochondrial membrane potential was
analyzed using the JC-1 Mitochondrial Membrane Potential
kit (cat. no. 40706ES60; Shanghai Yi San Biotechnology Co.,
Ltd.), according to the manufacturer's protocol.
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Caspase 3 colorimetric assay. The k562/dox cells
(1x10° cells/ml) were seeded into 6-well plates. Once they
reached 80% confluence, cells were treated with 1.2 uM
doxorubicin; 0, 50 or 100 M levistolide A; or with both drugs
for 24 h. Caspase 3 levels were detected using the caspase 3
colorimetric assay kit (cat. no. BC3830; Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China), according to
the manufacturer's protocol.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). RT-qPCR was used to
evaluate MDR1 mRNA expression following treatment with
levistolide A (0, 0.01, 0.1, 1, 10 and 100 gM) for 24 h. Total
RNA was extracted from k562/dox cells using the E.Z.N.A.®
Total RNA kit I (Omega Bio-tek, Inc., Norcross, GA, USA),
according to the manufacturer's protocol, and cDNA was
synthesized using reverse transcriptase (PrimeScript™ RT
reagent kit; cat. no. RR0O47A; Takara Bio, Inc., Otsu, Japan),
according to the manufacturer's protocol. RT-qPCR (SYBR®-
Green JumpStart™ Tag ReadyMix™; cat. no. S5193;
Sigma-Aldrich; Merck KGaA) amplification was performed
using a TP-810 Thermal Cycler system (Takara Bio, Inc.). The
primer sequences were as follows: MDRI1, forward 5'-GCA
GCTGGAAGACAAATACACAAA-3', and reverse 5'-CCC
CAACATCGT-GCACATC-3'; and GAPDH, forward 5-TCT
GCAGGAGACAAGACCTG-3' and reverse 5-GACTTGAGG
AGCTGGAGAGG-3'". The PCR protocol was as follows: One
cycle of denaturation at 95°C for 2 min; 40 cycles of dena-
turation at 95°C for 15 sec, annealing at 60°C for 30 sec and
extension at 72°C for 30 sec, followed by a final extension step
at 4°C for 1 min. Relative quantification (ACq) (39) was used
to determine relative mRNA expression levels, with GAPDH
as the internal reference.

Western blot analysis. Following incubation with various
concentrations of levistolide A, doxorubicin, or both drugs
for 24 h; or incubation with various concentrations of levis-
tolide A combined with MG132 (2 uM), k562/dox cells or
k562 cells were washed twice with cold PBS and lysed with
lysis buffer (Xi'an Hat Biotechnology Co., Ltd., Xi'an, China).
Proteins were extracted using the total protein extraction kit
(Xi'an Hat Biotechnology Co., Ltd.); the cells were treated
with lysis buffer and proteins were extracted from the lysates
using the protein extraction kit. Lysates were centrifuged at
3,600 x g for 20 min at 4°C. The bicinchoninic acid protein
assay kit (Thermo Fisher Scientific, Inc.) was used to quantify
protein concentrations. Proteins were denatured by mixing
with an equal volume of loading buffer (100 pl loading buffer
and 4 ul mercaptoethanol) and boiling at 100°C for 5 min.
An aliquot (30 ug protein) of the supernatants was run on a
10% SDS polyacrylamide gel. Proteins were then transferred
onto polyvinylidene fluoride membranes, which were blocked
with 5% non-fat milk in Tris-buffered saline plus 0.1%
Tween-20 for 2 h at 25°C. Proteins were detected using the
following antibodies at 4°C for 24 h: Anti-GAPDH (1:1,000),
anti-MDRI1 (1:1,000), anti-Bcl-2 (1:1,000), anti-Bax (1:1,000)
and anti-BCRP (1:1,000). The blots were washed and were then
incubated with their respective secondary antibodies (1:20,000;
cat. no. ANMO2-4; Zhuangzhi Biotechnology Co., Ltd., Xi'an,
China) at 25°C for 2 h. Proteins were visualized using an
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Figure 2. Effects of levistolide A on k562 and k562/dox cell viability. (A) Following treatment with various concentrations of levistolide A for 48 h, the viability
of k562 cells was evaluated with MTT assays. (B) After k562 cells were treated with 0,0.3,0.6,0.9, 1.2 or 1.5 uM doxorubicin together with 0, 10, 50 or 100 uM
levistolide A for 48 h, cell viability was determined with MTT assays. (C) Following treatment with various concentrations of levistolide A in for 48 h, the
viability of k562/dox cells was evaluated with MTT assays. (D) After k562/dox cells were treated with 0,0.3,0.6,0.9, 1.2 or 1.5 uM doxorubicin together with
0, 10,50, or 100 M levistolide A for 48 h, cell viability was determined with MTT assays. (E) Following treatment with various concentrations of levistolide A
for 48 h, the ICs, in k562/dox cells was evaluated with MTT assays. (F) Combination index of levistolide A combined with doxorubicin in k562/dox cells.
One-way analysis of variance (Bonferroni's multiple comparisons test) was used to determine statistical significance. Data are presented as the means + stan-
dard deviation, n=3. "P<0.05 vs. doxorubicin (0 #uM); ““P<0.001 vs. doxorubicin (0 uM); “*“P<0.0001 vs. doxorubicin (0 xM).

enhanced chemiluminescence detection reagent and GAPDH
was used as a reference to estimate relative protein levels.
ImagelJ k1.45 (National Institutes of Health, Bethesda, MD,
USA) was used to semi-quantify protein expression.

Statistical analysis. Data are expressed as the means =+ standard
deviation. Differences between control and experimental values
were assessed using one-way analysis of variance followed by
Bonferroni's multiple comparisons test (GraphPad 7.0 Software;
GraphPad Software, Inc., La Jolla, CA, USA.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Antiproliferative effects of levistolide A on k562 and
k562/dox cells. The effects of levistolide A and doxorubicin
on k562 and k562/dox proliferation after 48 h were assessed
using the MTT assay (Fig. 2A-D). Levistolide A exhibited
a mild, dose-dependent inhibitory effect on the survival
of k562 (Fig. 2A) and k562/dox (Fig. 2C) cells at 100 uM;
however, cell viability was still >80% at this concentration. The
half maximal inhibitory concentration (ICs,) of doxorubicin in
k562 and k562/dox cells was 2.86+0.64 and 102.56+2.89 uM,

Table I. Determination of multidrug resistance according to
the sensitivity of k562 and k562/dox cells to doxorubicin.

ICsy (uM)
Fold increase in
Treatment k562 k562/dox resistance
Doxorubicin  2.86+0.64 102.56+2.89* 35.86

“P<0.05 vs. k562 cells. Two-tailed unpaired Student's t-test was
used to determine statistical significance. Values are presented as
the means + standard deviation of triplicate experiments. ICs,, half
maximal inhibitory concentration.

respectively (Table I). The ICs, of levistolide A in k562/dox
cells was 200.5+18.66 uM (Fig. 2E). Subsequently, the present
study examined whether levistolide A modified the sensitivity
of k562 and k562/dox cells to doxorubicin. Co-incubation
with =10 uM levistolide A markedly increased the response of
k562/dox cells to doxorubicin (Fig. 2D). Conversely, the syner-
gistic effect of levistolide A plus doxorubicin was absent in
k562 cells (Fig. 2B). The interaction between levistolide A and
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Figure 3. Levistolide A enhances doxorubicin accumulation in k562/dox cells. (A) Cellular doxorubicin accumulation levels were measured in k562 cells
using flow cytometry. The cells were incubated with 1.2 M doxorubicin alone or together with 50 or 100 xM levistolide A for 24 h. (B) Cellular doxorubicin
accumulation levels of k562/dox cells were measured using flow cytometry. The cells were incubated with 1.2 yM doxorubicin, alone or together with
50 or 100 uM levistolide A for 24 h. (C) Percentage of doxorubicin accumulation. One-way analysis of variance (Bonferroni's multiple comparisons test) was
used to determine statistical significance. Data are presented as the means + standard deviation, n=3. “"P<0.01 vs. K562/dox cells.

doxorubicin was analyzed using the CI method, as shown in
Fig. 2F. In k562/dox cells, levistolide A and doxorubicin exhib-
ited a synergistic effect when the doxorubicin concentration
was >0.3 uM, the levistolide A concentration was >10 M, and
the combined inhibition was >5% (Fig. 2D). Conversely, treat-
ment of k562/dox (Fig. 2A) and k562 (Fig. 2C) cells with each
of these two compounds individually produced lower antip-
roliferative effects. These results indicated that levistolide A
could increase the antiproliferative effects of doxorubicin in
k562/dox cells (Fig. 2D), but not in k562 cells (Fig. 2B).

Levistolide A promotes doxorubicin-induced apoptosis by
increasing its intracellular concentration. The present study
conducted fluorescence-activated cell sorting analyses to
investigate whether levistolide A increased the sensitivity of
k562/dox cells to doxorubicin by increasing its intracellular
accumulation (Fig. 3). The experiments revealed that the fluo-
rescence intensity of intracellular doxorubicin was increased
in a dose-dependent manner in k562/dox cells, indicating
that levistolide A promoted the intracellular accumulation of

doxorubicin (Fig. 3B and C). Conversely, levistolide A had
little effect on the intracellular accumulation of doxorubicin
in k562 cells (Fig. 3A and C). In addition, levistolide A
increased the doxorubicin effective concentration in k562/dox
cells (Fig. 2D). Therefore, combined treatment of k562/dox
cells with levistolide A and doxorubicin significantly increased
their response to doxorubicin.

K562/dox cells were treated with various concentrations
of levistolide A alone or combined with 1.2 M doxorubicin,
and apoptosis was analyzed by flow cytometry (Fig. 4). The
percentage of apoptotic cells was significantly increased in
the combined treatment group (Fig. 4B). The results revealed
that levistolide A combined with doxorubicin increased
the percentage of apoptotic cells in a dose-dependent
manner (Fig. 4).

The present study also investigated whether increased
expression of ROS could explain the synergistic effects of
levistolide A and doxorubicin (Fig. 5). The k562/dox cells
were treated with 0, 10 or 100 M levistolide A, either
alone or combined with 1.2 yM doxorubicin for 12 h.
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of levistolide A (0, 10 and 100 yM) for 24 h. Apoptosis was determined using Annexin V/PI double staining. (B) The k562/dox cells were incubated with the
indicated concentrations of levistolide A (0, 10 and 100 M) combined with 1.2 yuM doxorubicin for 24 h. Apoptosis was determined using Annexin V/PI
double staining. (C) Flow cytometry plots of apoptotic cells are presented. One-way analysis of variance (Bonferroni's multiple comparisons test) was used to
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Figure 5. Levistolide A enhances doxorubicin-induced k562/dox cell apoptosis by increasing the levels of ROS. ROS levels in k562/dox cells were detected
using the ROS Assay kit. Cells were treated with various concentrations of levistolide A (0, 50 and 100 M) alone or combined with 1.2 yM doxorubicin
for 12 h. One-way analysis of variance (Bonferroni's multiple comparisons test) was used to determine statistical significance. Data are presented as the
means + standard deviation, n=3. FITC, fluorescein isothiocyanate; ROS, reactive oxygen species.

The results revealed that levistolide A dose-dependently
promoted doxorubicin-induced apoptosis of k562/dox cells
via increasing ROS levels. Furthermore, analysis of the
mitochondrial potential using JC-1 staining indicated that

levistolide A synergistically enhanced doxorubicin-induced
cell death (Fig. 6). The k562/dox cells were treated with
0, 10 or 100 uM levistolide A, either alone or combined with
1.2 uM doxorubicin for 24 h. The present study revealed that
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Figure 6. Levistolide A enhances doxorubicin-induced k562/dox cell apoptosis by disrupting the mitochondrial system. The levels of JC-1 in k562/dox cells
were determined using the JC-1 Mitochondrial Membrane Potential kit. Cells were treated with various concentrations of levistolide A (0, 50 and 100 M)
alone or combined with 1.2 M doxorubicin for 24 h. One-way analysis of variance (Bonferroni's multiple comparisons test) was used to determine statistical

significance. Data are presented as the means + standard deviation, n=3.
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Figure 7. Levistolide A enhances doxorubicin-induced k562/dox cell apop-
tosis by increasing the levels of caspase 3. The levels of caspase 3 in k562/dox
cells were determined using a caspase 3 colorimetric assay kit. Cells were
treated with various concentrations of levistolide A (0, 50 and 100 xM) alone
or combined with 1.2 uM doxorubicin for 24 h. One-way analysis of variance
(Bonferroni's multiple comparisons test) was used to determine statistical
significance. Data are presented as the means + standard deviation, n=3.
“P<0.05, ""P<0.001 vs. levistolide A (0 uM)-treated cells.

levistolide A dose-dependently promoted doxorubicin-induced
apoptosis of k562/dox cells by reducing mitochondrial
membrane potential. In addition, increased expression
levels of caspase 3 were detected in the combined treatment
group (Fig. 7). Western blotting was also performed to analyze
the expression levels of apoptotic markers, including Bax and
Bcl-2, in k562/dox cells treated with levistolide A alone or
combined with doxorubicin for 24 h (Fig. 8A). Levistolide A
alone (50 and 100 M) induced a slight dose-dependent

decrease in Bcl-2 (Fig. 8 Ac) compared with in control, untreated
cells. However, levistolide A (50 and 100 M) combined
with doxorubicin (1.2 M) resulted in a significant (P<0.001)
dose-dependent reduction in Bcl-2 expression (Fig. 8Ac),
when compared with untreated, control cells. Treatment of
k562 cells with levistolide A alone or in combination with
doxorubicin for 24 h revealed that levistolide A alone induced
a slight dose-dependent decrease in Bcl-2 when compared
with control, untreated cells; levistolide A (50 and 100 xM)
combined with doxorubicin (1.2 yM) resulted in a similar
downregulation in Bcl-2 (Fig. 8Bc), thus indicating that
levistolide A does not enhance doxorubicin-induced apoptosis
of k562 cells. On the basis of these results, it may be suggested
that levistolide A markedly enhanced the doxorubicin-induced
mitochondrial apoptotic cascade in k562/dox cells.

Levistolide A downregulates MDR1 expression through
the UPP. MDRI1 has been reported to be overexpressed in
k562/dox cells (40) and absent in k562 cells; this finding
was confirmed in the present study (Fig. 9A and B). Notably,
levistolide A could downregulate MDR1 expression in
k562/dox cells (Fig. 9A and B) without affecting MDRI1
mRNA expression (Fig. 9C), thus suggesting that it acted via
a post-translational pathway. Therefore, k562/dox cells were
treated with MG132, a potent and cell-permeable proteasome
inhibitor, at a low, non-toxic concentration (2 uM); the results
revealed that MG132 exhibited a dose-dependent inhibitory
effect on the survival of k562/dox cells (Fig. 10A). The results
indicated that MG132 may attenuate levistolide A-induced
downregulation (Fig. 9A) of MDRI1 protein levels (Fig. 10B).
Based on these results, it may be hypothesized that levis-
tolide A induces MDRI1 degradation via the UPP.
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Figure 8. Levistolide A enhances doxorubicin-induced k562/dox cell apoptosis by decreasing the levels of Bcl-2. (Aa) Protein expression levels of Bcl-2 and Bax
were detected in k562/dox cells by western blotting. Cells were treated with various concentrations of levistolide A (0, 50 and 100 #M) alone or combined with
1.2 uM doxorubicin for 24 h. (Ab) Bax protein expression in k562/dox cells was semi-quantified by densitometric analysis, and was normalized to GAPDH protein.
(Ac) Bcl-2 protein expression in k562/dox cells was semi-quantified by densitometric analysis, and was normalized to GAPDH protein. (Ba) Protein expression
levels of Bcl-2 and Bax were detected in k562 cells by western blotting. Cells were treated with various concentrations of levistolide A (0, 50 and 100 M) alone
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Figure 9. Levistolide A inhibits the protein expression levels of MDR1 in
k562/dox cells. (A) Protein expression levels of MDR1 in k562/dox and k562
cells, as determined by western blotting. Cells were treated with various con-
centrations of levistolide A (0,0.01,0.1, 1, 10 or 100 M) for 24 h. (B) MDR1
expression was semi-quantified by densitometric analysis, and was normal-
ized to GAPDH protein. (C) mRNA expression levels of MDRI1 in k562/dox
cells, as determined by reverse transcription-quantitative polymerase chain
reaction. Cells were treated with levistolide A for 24 h. The mRNA expres-
sion levels of MDR1 were normalized to GAPDH. One-way analysis of
variance (Bonferroni's multiple comparisons test) was used to determine
statistical significance. Data are presented as the means + standard devia-
tion of three independent experiments. “*“P<0.0001 vs. control cells. MDR,
multidrug resistance protein 1.
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Figure 10. Levistolide A inhibits the protein expression levels of MDR1 in
k562/dox cells via the ubiquitin-proteasome pathway. (A) MG132 exhibited
a dose-dependent inhibitory effect on the survival of k562/dox cells; the
k562/dox cells were incubated with 0, 2, 4, 8 and 10 yM MG132 for 24 h.
(B) The k562/dox cells were incubated with 2 uM MG132 together with
0, 0.01, 0.1, 1, 10 or 100 M levistolide A for 24 h, and MDR1 protein
expression was detected by western blotting. (C) MDRI protein expression
in k562/dox cells was semi-quantified by densitometric analysis, and was
normalized to GAPDH protein. One-way analysis of variance (Bonferroni's
multiple comparisons test) was used to determine statistical significance. Data
are presented as the means + standard deviation of three independent experi-
ments. “"P<0.0001 vs. control cells. MDR, multidrug resistance protein 1.
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BCRP ink562/dox cells, as determined by western blotting. Cells were treated
with various concentrations of levistolide A (0,0.01,0.1, 1, 10 or 100 xM) for
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densitometric analysis, and was normalized to GAPDH protein. One-way
analysis of variance (Bonferroni's multiple comparisons test) was used to
determine statistical significance. Data are presented as the means + standard
deviation of three independent experiments. BCRP, breast cancer resistance
protein.

Western blot analysis revealed that BCRP protein expres-
sion was not significantly altered following treatment with
levistolide A (Fig. 11). Therefore, it may be hypothesized
that the effects of levistolide A on k562/dox cells specifi-
cally involves attenuation of MDR via the UPP, rather than
BCRP.

Discussion

Levistolide A is a natural compound extracted from the
rhizome of Angelicae sinensis (Oliv.). According to Traditional
Chinese Medicine, the roots of Angelicae sinensis are used to
tonify circulation and improve blood stasis. It has also been
used clinically for the treatment of gynecological symptoms,
anemia, chronic bronchitis, asthma, rheumatism and other
diseases (33). Angelicae is often included in vegetable-rich
diets due to its beneficial chemopreventive, antitumor, antioxi-
dant and antimutagenic effects (41).

The ICs, of levistolide A in k562/dox cells was
200.5+18.66 M, whereas the ICs, of doxorubicin in k562 and
k562/dox cells was 2.86+0.64 and 102.56+2.89 uM, respec-
tively. Individually, and at low concentrations (<100 uM),
levistolide A and doxorubicin exhibited little effects on k562
and k562/dox cell proliferation and apoptosis. However, levis-
tolide A increased the cytotoxic effects of doxorubicin against
k562/dox cells compared with its effect on k562 cells. In addi-
tion, levistolide A promoted the intracellular accumulation
of doxorubicin in k562/dox cells when compared with k562
cells, thus suggesting that the MDR1 pump was inhibited by
levistolide A. Compared with in k562/dox cells, k562 cells
exhibited lower sensitivity to the combination of levistolide A
and doxorubicin. The process of apoptosis is closely regulated
by a series of molecules associated with the Bcl-2 family,
which are particularly linked to mitochondrial pathways (24).
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The present study revealed that levistolide A promoted
doxorubicin-induced apoptosis of k562/dox cells via increased
ROS, reduced mitochondrial membrane potential, decreased
Bcl-2 levels and increased caspase 3 expression. Treatment
with levistolide A alone had only a mild effect on ROS, JC-1
mitochondrial membrane potential, Bcl-2 and caspase 3 levels
when compared with control, untreated cells. The combination
of the two drugs had little effect on Bax, thus suggesting that
apoptosis was Bax-independent. In k562 cells, levistolide A
alone or combined with doxorubicin induced a significant
dose-dependent decrease in Bcl-2 expression, indicating that
levistolide A induced apoptosis of k562 cells, whereas the
pro-apoptotic effect of doxorubicin was weaker in k562/dox
cells. These findings indicated that levistolide A promoted
doxorubicin-induced cell apoptosis via mitochondrial path-
ways and by increasing the intracellular concentration of
doxorubicin.

MDRI1 is a member of the ABC transporter superfamily.
Various ABC transporters, such as MDR1 and BCRP, have
overlapping substrates (42). MDR1 has been reported to be
overexpressed in k562/dox cells (40), and this was confirmed
in the present study. Notably, this study revealed that levis-
tolide A effectively suppressed MDRI protein expression;
however, MDR1 mRNA expression was not significantly
altered in cells treated with levistolide A. Therefore, it
may be hypothesized that the decrease in MDRI levels is
a result of post-transcriptional regulation. The majority
of eukaryotic protein degradation is accomplished by the
UPP, and MG132 is an effective and reversible aldehyde
peptide-specific proteasome inhibitor. Therefore, this study
used MG132 to validate the hypothesis that levistolide A
downregulates the expression of MDRI1 through the UPP
pathway. It was revealed that MG132 (2 uM) could reverse
the levistolide A-induced reduction in MDRI1 expression,
thus indicating that levistolide A may negatively regulate
MDRI1 expression via the UPP. In addition, the protein
expression levels of BCRP were not significantly altered
following treatment with levistolide A. Therefore, the effects
of levistolide A may be mediated by downregulation of
MDRI1 expression, and not BCRP.

Fei et al reported that levistolide A modulates MDR1
function and can overcome MDRI-mediated MDR in
Bcap37/MDRI1 cells. In addition, levistolide A inhibits
3,3'-diethyloxacarbocyanine iodide efflux from Bcap37/MDR1
cells without affecting MDR1 expression (32). In the present
study, the levistolide A-mediated reversal of doxorubicin resis-
tance in k562/dox cells occurred via modulation of MDRI
expression.

In conclusion, the present findings suggested that
levistolide A synergistically increased the cytotoxicity of
doxorubicin and promoted doxorubicin-induced apoptosis of
k562/dox cells. This effect involved the apoptotic cascade,
which was regulated by the mitochondrial system, and down-
regulation of MDRI1 expression. Therefore, levistolide A may
be a promising drug candidate for the treatment of doxoru-
bicin-resistant cancer by targeting MDR1.
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