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Abstract. Deguelin is a naturally occurring rotenoid with 
strong cancer chemopreventive and antitumor activities. In 
the present study, we investigated the antitumor activity of 
deguelin against MPC-11 murine myeloma cells and the 
possible mechanism of action in vitro. Our results revealed 
that deguelin inhibited the proliferation of MPC-11 cells in 
a concentration- and time-dependent manner and caused 
the apoptotic death of MPC-11 cells. Following exposure 
to deguelin, the phosphorylation of Akt was decreased. The 
inhibition of cell growth may be associated with decreased 
levels of phosphorylated Akt. Deguelin-induced apoptosis 
was characterized by the upregulation of Bax, downregula-
tion of Bcl-2 and activation of caspase-3. In conclusion, 
deguelin inhibits murine myeloma cell proliferation by 
inducing apoptosis via regulation of the Bax/Bcl-2 ratio 
and by inhibition of the activation of Akt. Its potential as an 
anticancer agent against multiple myeloma warrants further 
investigation.

Introduction 

Multiple myeloma is a neoplastic plasma cell disorder that is 
characterized by the clonal proliferation of malignant plasma 
cells in the bone marrow microenvironment, monoclonal 
protein in the blood or urine and associated organ dysfunction. 
Worldwide, it is estimated that approximately 86,000 cases 
of multiple myeloma occur annually, accounting for approxi-
mately 0.8% of all new cancer cases. Approximately 63,000 
individuals are reported to succumb to the disease each year, 
accounting for 0.9% of all cancer mortalities and 13% of all 
mortalities due to hematological cancers. In recent years, the 
introduction of autologous stem-cell transplantation and the 
availability of agents such as thalidomide, lenalidomide and 
bortezomib have changed the management of myeloma and 

extended overall survival. However, the treatment outcome is 
far from satisfactory and novel drugs are in urgent demand to 
more effectively treat this malignancy (1,2).

It is well known that numerous natural compounds, espe-
cially plant products, have been found to exhibit anticancer 
effects and that some play important roles in cancer treatment. 
Rotenoids, which are typically insecticidal agents, constitute a 
class of compounds from the flavonoid family and have cancer 
chemopreventive and anticancer activities (3,4). Deguelin is 
a natural rotenoid which has been isolated from several plant 
species, including Mundulea sericea (Leguminosae; Fig. 1). 
Recently, deguelin has been found to exhibit strong cancer 
chemopreventive and antitumor activities in vitro and in vivo 
in various model systems (2-9). However, the antitumor effects 
of deguelin against multiple myeloma have not been reported.

In the present study, we investigated the antitumor effect of 
deguelin against multiple myeloma cells and the mechanism 
by which it occurs. Using murine myeloma MPC-11 cells, we 
demonstrated that deguelin exhibits antitumor activity on the 
cells by inhibiting the activity of the Akt pathway and inducing 
apoptosis. Our study suggests that deguelin is a potential agent 
to combat multiple myeloma.

Materials and methods

Materials. 3-(4,5)-dimethylthiazol(-z-y1)-3,5-diphenyltet-
razolium bromide (MTT), dimethyl sulfoxide (DMSO), 
RNase A and propidium iodide (PI) were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). The total protein 
extraction kit was purchased from Keygen Co. (Nanjing, 
China). All the chemicals employed in this study were analyt-
ically pure and of culture grade. The primary antibodies for 
Akt/p-Akt, Bcl-2 and Bax were purchased from Cell Signaling 
Technology (Beverly, MA, USA) and cleaved caspase-3 anti-
body was purchased from Beyotime Co. (Hangzhou, China). 
The protein assay kit was purchased from Bio-Rad (Hercules, 
CA, USA).

Deguelin was purchased from Sigma Chemical Co., 
dissolved in DMSO as a stock solution, then stored at 4˚C. Prior 
to experiments, the stock solution was diluted in cell culture 
medium at a final DMSO concentration of 0.05% (V/V).

Cell culture. The murine myeloma MPC-11 cell line was 
obtained from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were grown in RPMI-1640 
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medium (Life Technologies, Bedford, MA, USA) containing 
10% heat-inactivated fetal bovine serum, 100 U/ml penicillin 
and 100 U/ml streptomycin in a humidified chamber at 37˚C 
with a 5% CO2 atmosphere.

Cell viability assay. The cell viability of the deguelin-treated 
cancer cells was determined using the MTT assay. Briefly, the 
cells (4-5x103) were seeded in 96-well plates and cultured for 
24 h, followed by deguelin treatment for 24, 48 or 72 h. A 
volume of 10 µl of 10 mg/ml MTT was added per well and 
the cells were incubated for another 4 h at 37˚C. The plates 
were then centrifuged at 1,000 x g for 10 min, the superna-
tant fluid was removed and DMSO was added, 150 µl/well 
for 15-20 min. The light absorptions (OD) were measured at 
570 nm with SpectraMAX M5 microplate spectrophotometer 
(Molecular Devices, Sunnyvale, CA, USA). All experiments 
were performed in triplicate. The effect of deguelin on the 
proliferation of cells was expressed as the cell growth inhibi-
tion, using the following formula: inhibition rate = (A570 of 
control - A570 of treated cells)/A570 of control cells x 100%.

Agarose gel DNA electrophoresis. In order to clarify whether 
the inhibitory effect of the deguelin on MPC-11 cells was due 
to apoptosis, the pattern of DNA cleavage was analyzed by 
agarose gel electrophoresis as described previously (10,11). 
Briefly, following treatment with deguelin, the cells (3x106) 
were lysed with 0.5 ml lysis buffer (5 mM Tris-HCL (pH 8.0), 
0.25% Nonidet P40 and 1 mM EDTA), followed by the addi-
tion of RNase A (Sigma) at a final concentration of 200 µg/ml. 
Following incubation for 1 h at 37˚C, the cells were treated 
with 300 µg/ml proteinase K for an additional hour at 37˚C. 
A volume of 20 µl of sample in each lane was subjected to 
electrophoresis on a 1.5% agarose at 50 V for 3 h. DNA was 
stained with ethidium bromide.

Morphological analysis. Following culture and drug treat-
ment as described above, the morphological changes of the 
cells were observed. The cells were fixed using 70% ethanol 
following rinsing with PBS. After examination for morpho-
logical changes with an inverted microscope, the cells were 
stained with PI (1 µg/ml in PBS) and analyzed under a fluores-
cence microscope (Zeiss, Axiovert 200, Göttingen, Germany) 
to identify the apoptotic cells.

Western blot analysis. To identify the mechanisms of prolif-
eration inhibition and apoptosis induction of deguelin, an 
immunoblot analysis was performed. Briefly, 5x106 cells were 
lysed in 1 ml lysis buffer and the protein concentration was 
determined using the Bio-Rad protein assay reagent. The 
samples were denatured in sample buffer and the proteins were 
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The gels were electroblotted onto a polyvinylidene 
difluoride membrane. The membrane blots were rinsed with 
TBS/T (20 mM Tris, 500 mM NaCl, 0.1% Tween-20, pH 7.6) 
and blocked with 5% non-fat dry milk in blocking buffer. The 
membrane was incubated with the desired primary antibody 
overnight at 4˚C. The membrane was then incubated with the 
appropriate peroxidase-conjugated secondary antibody and 
the immunoreactive bands were visualized using the enhanced 
chemiluminescence method.

Statistical analysis. Data are expressed as the mean ± SD. 
Statistical comparisons were performed using the ANOVA 
test. All data were analyzed using SPSS software (SPSS for 
Windows, ver. 13.0; SPSS, Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant result. 

Results

Effects of deguelin on cell proliferation. We tested the antip-
roliferative effect of deguelin on MPC-11 cells using the MTT 
assay. The deguelin treatment resulted in a decrease in the 
cell viability in vitro and the effect was dependent on the dose 
of deguelin and incubation time (Fig. 2). For example, when 
MPC-11 cells were treated for 48 h, the inhibition rates of 3.2 
and 400 ng/ml deguelin were 12.2±2.7 and 65.5±0.6%, respec-
tively. When MPC-11 cells were treated with 16 ng/ml deguelin, 
the inhibition rate was 10.2±1.5, 32.8±2.5 and 50.3±5.3% for 
24, 48 and 72 h, respectively.

Effects of deguelin on cell apoptosis. Agarose gel electropho-
resis of deguelin-treated cells revealed a ladder-like pattern 
of DNA fragments consisting of multiples of ~180-200 base 

Figure 1. Chemical structure of deguelin.

Figure 2. Proliferation inhibitory effect of deguelin on MPC-11 cells. 
Concentration- and time-dependent inhibition of the proliferation of MPC-11 
cells by deguelin revealed by MTT assay. Cells were seeded in 96-well-plates 
and treated with various concentrations of deguelin for 24, 48 or 72 h. Data are 
expressed as mean ± SD for at least 5 independent experiments. The asterisk 
indicates a significant difference between control and deguelin-treated 
groups (*P<0.05 vs. control group, **P<0.01 vs. control group).
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pairs, consistent with internucleosomal DNA fragmentation 
(Fig. 3).

Furthermore, f luorescence microscopic examina-
tion of PI-stained cells was performed to confirm the 
apoptosis-inducing effect of deguelin. Treatment with deguelin 

resulted in morphological changes characteristic of apoptosis, 
including bright red fluorescent condensed nuclei (intact or 
fragmented) by fluorescence microscopy of PI-stained nuclei, 
blebbing, expansion of cell volume, condensation of nuclear 
chromatin, nuclear fragmentation and apoptotic bodies, and 
the change was concentration-dependent (Fig. 4).

Mechanistic studies of deguelin effect. To determine whether 
deguelin was able to modulate the activities of Akt, MPC-11 
cells were exposed to increasing concentrations of deguelin 
in vitro and analyzed for changes in protein levels of Akt. The 
results revealed that deguelin significantly reduced the level 
of phosphorylated Akt (p-Akt) in a concentration-dependent 
manner, but the level of total Akt (t-Akt) was not visibly 
changed (Fig. 5). It was suggested that deguelin inhibits Akt 
activity through the inhibition of Akt phosphorylation.

To determine the effects of deguelin on the expression of 
the Bcl-2 protein group, we examined Bcl-2 and Bax expres-
sion in the MPC-11 cells following treatment with deguelin at 
various concentrations for 48 h. As shown in Fig. 6, inhibition 
of the expression of Bcl-2 and increase in Bax were confirmed 
in response to treatment with deguelin. The increase in the Bax/
Bcl-2 ratio has been described in association with the activation 
of the mitochondrial apoptotic route. The result of the inhibition 
of Bcl-2 and concomitant increase in Bax expression was in 
agreement with the result of the apoptosis assay.

Figure 3. Morphological changes induced by deguelin. (A and B) Fluorescence and (C and D) bright-field microscope images of PI-stained nuclei of MPC-11 
cells following incubation with deguelin for 48 h. (A and C) 0 ng/ml deguelin; (B and D) 100 ng/ml deguelin. Original magnification, x400. Apoptotic cells 
containing condensed and fragmented fluorescent nuclei are visible in deguelin-treated cells, but not in untreated cells. PI, propidium iodide.

Figure 4. Patterns of DNA following treatment with deguelin. Following 
exposure to deguelin for 48 h, agarose gel electrophoresis patterns of DNA 
isolated from MPC-11 cells treated with (A) 0, (B) 50 and (C) 100 ng/ml deg-
uelin. Ladder-like patterns of DNA fragments are visible in deguelin-treated 
cells, but not in untreated cells. M, marker.
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Caspase-3 is an effector caspase that plays a central role in 
cell apoptosis. Therefore, we investigated the effect of deguelin 
on the activation of caspase-3. Treatment MPC-11 cells with 
deguelin for 48 h resulted in a concentration-dependent 
increase of cleaved caspase-3 (Fig. 6).

Discussion

Multiple myeloma accounts for more than 10% of all hema-
tological cancers (12) and the average 5-year survival rate is 
15-20%, with survival ranging between a few and 10 or more 
years (1). Novel agents or strategies are needed due to the poor 
outcome of treatment.

Deguelin is a natural product isolated from plants, which 
exhibits strong cancer chemopreventive and antitumor activities. 
However, to the best of our knowledge there are no published 
data with regard to the effect of deguelin on multiple myeloma. 

In the present study, we investigated the antitumor effect 
of deguelin on the murine myeloma cell line MPC-11 and its 
possible mechanism in vitro. Our results revealed that deguelin 
inhibits the proliferation and induces the apoptosis of myeloma 
cells. Moreover, the cell growth inhibitory effect was associ-
ated with a decrease in the phosphorylated levels of Akt, as 
revealed by immunoblotting. 

Firstly, we investigated the cell proliferation inhibition 
effect of deguelin using the MTT assay. The results revealed 
that the proliferation of MPC-11 cells was inhibited following 
exposure to deguelin and that the effect was dose- and 
time-dependent.

It is well known that the susceptibility of tumor cells to 
apoptosis is an important determinant of chemotherapy efficacy 
and that the induction of apoptosis is an important mechanism 
of antitumor agents, especially natural products (13-16). 
Therefore, the apoptosis-inducing effect of deguelin was 
examined. In the present study, DNA fragmentation analysis 
demonstrated that deguelin induced the apoptosis of MPC-11 
cells. The results of fluorescence microscopic examination 
also revealed features characteristic of apoptosis, confirming 
the ability of deguelin to induce apoptosis in MPC-11 cells. 
Consistent with our results, other groups reported that deguelin 
induced apoptosis in various types of cells, including colon 
cancer, gastric cancer, leukemia, breast cancer and hepatic 
cancer cells (7,8,17-19). 

The evolutionarily conserved serine/threonine protein 
kinase Akt is one of the most versatile kinases in the human 
kinome. Akt is activated by phosphatidylinositol 3-kinase 
(PI3K), which transmits signals from cytokines, growth factors 
and oncoproteins to multiple targets, including Akt. Once 
activated, Akt regulates multiple cellular functions, including 
survival, proliferation, growth and various aspects of interme-
diary metabolism. Activated Akt is detectable in numerous 
types of cancer and has been associated with poor prognosis 
of cancers, including skin, pancreas, liver, prostate, breast and 
blood cancers (20-25). Based on these clinical observations, 
targeting Akt may be a promising strategy against cancer. 

In multiple myeloma, Hsu et al reported that the over-
expression and activation of Akt played a significant role 
in malignant cell survival and that the growth of multiple 
myeloma cells was inhibited if the Akt pathway was paralyzed. 
The same conclusion was reported independently by Alkan 
and Izban, further confirming the significant role of Akt in 
multiple myeloma (26,27). 

According to previous studies, deguelin exhibits cancer 
chemopreventive and anticancer effects through inhibiting 
the activity of Akt (5,6). In the present study, consistent with 
others, our data demonstrated that deguelin inhibited the 
activity of Akt to decrease the survival and growth of MPC-11 
cells. 

The induction of apoptosis is a common mechanism of 
numerous anticancer agents and our data showed that deguelin 
also exhibited apoptosis-inducing activity in MPC-11 cells. To 
determine the mechanism of the apoptosis induced by deguelin, 
the proteins involved in apoptosis were analyzed by western 
blotting. Caspase-3 is the key molecule in cellular apoptosis 
and the activation of caspase-3 is often considered to be the 
point of no return in the apoptotic signaling cascade. In the 
present study, we found that caspase-3 was activated following 

Figure 5. Deguelin inhibits phosphorylation of Akt. MPC-11 cells were incu-
bated with 0-100 ng/ml deguelin for 48 h. Cells were lysed and analyzed by 
immunoblotting using antibodies specific for Akt. The phosphorylation of 
Akt was markedly inhibited by deguelin, whereas the level of total Akt was 
not influenced.

Figure 6. Effects of deguelin on Bcl-2 and Bax expression and activation of 
caspase-3. MPC-11 cells were treated with deguelin at various concentrations 
(0-100 ng/ml) for 48 h and the expression levels of Bcl-2/Bax and cleaved 
caspase-3 were analyzed by western blotting. Total protein extracts were 
subjected to 15% SDS-PAGE for western blot analysis. Deguelin inhibited 
Bcl-2 expression in a concentration-dependent manner and simultaneously 
increased Bax expression. The level of cleaved caspase-3 was increased by 
deguelin.
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exposure to deguelin. To further determine the pathway of 
apoptosis induced by deguelin, we analyzed the upstream 
regulators of caspase-3. Bcl-2 family proteins are central 
regulators of the apoptosis pathway, which either suppress or 
promote changes in mitochondrial membrane permeability 
required for the release of cytochrome c (28,29). Of the Bcl-2 
family, Bcl-2 and Bax have been identified as major regulators 
in controling the release of mitochondrial cytochrome c (30). 
Bcl-2 blocks cytochrome c efflux, whereas Bax enhances the 
release of cytochrome c and induces apoptosis. The overex-
pression of antiapoptotic Bcl-2 probably occurs in more than 
half of all cancers (31). Our results revealed that treatment with 
deguelin induced the downregulation of Bcl-2 and upregula-
tion of Bax in MPC-11 cells in a dose-dependent manner. It is 
suggested that deguelin induced the apoptosis of MPC-11 cells 
via an intrinsic mechanism, which is regulated via the inhibi-
tion of Bcl-2 and a concomitant stimulation of Bax protein 
expression.

We conclude that deguelin is able to inhibit cell prolif-
eration and induce apoptosis in MPC-11 cells in vitro. We 
demonstrated that at least two mechanisms are involved: 
inhibition of the activity of Akt/ERK and modulation of the 
Bcl-2/Bax ratio to activate caspase-3. The ability of deguelin 
to mediate these responses in myeloma cells makes it a poten-
tially effective therapeutic agent against multiple myeloma and 
warrants further investigation. 
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