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Effects of gambogic acid on the activation of caspase-3
and downregulation of SIRT1 in RPMI-8226 multiple
myeloma cells via the accumulation of ROS
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Abstract. Multiple myeloma (MM) is the second most
commonly diagnosed hematologic malignancy. Although new
drugs, including bortezomib and lenalidomide, have improved
the treatment landscape for MM patients, MM remains incur-
able. Therefore, screening for novel anti-myeloma drugs is
necessary. Gambogic acid (GA), the main active ingredient of
gamboges secreted from the Garcinia hanburryi tree, has been
reported to exhibit potent anticancer activity in certain solid
tumors and hematological malignancies, while there are few
studies that are available concerning its effects on MM cells.
In the present study, we investigated the anticancer activity
of GA on the MM RPMI-8226 cells and further studied the
underlying mechanisms by which GA affected the cells.
RPMI-8226 cells were cultured and the effect of GA on cell
proliferation was analyzed using MTT assay. Hoechst 33258
staining was used to visualize nuclear fragmentation, and
reactive oxygen species (ROS) levels were detected. GA was
found to have a significant, dose-dependent effect on growth
inhibition and apoptosis induction in RPMI-8226 cells. This
activity is associated with the accumulation of ROS, which
contributes to the activation of caspase-3 and the cleavage of
poly (ADP-ribose) polymerase (PARP), accompanied with
apoptosis in RPMI-8226 cells treated with GA. Mammalian
SIRT1, as the closest homolog of the yeast Sir2, was exten-
sively involved in regulating cell processes, including cell
senescence, aging and neuronal protection, as well as having
anti-apoptotic properties. Moreover, SIRT1 overexpression has
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been shown to protect cancer cells from chemotherapy and
ionizing radiation. In the present study, we demonstrated that
GA has the potential to downregulate the expression of SIRT1
via ROS accumulation. In conclusion, our study found that
GA is able to induce apoptosis in RPMI-8226 cells via ROS
accumulation followed by caspase-3 activation, PARP cleavage
and SIRT1 downregulation. These results suggest that GA may
have the potential to not only induce apoptosis in MM cells,
but also to decrease the relapse rate of MM.

Introduction

Multiple myeloma (MM) is the second most commonly diag-
nosed hematologic malignancy (1). Historically, the prognosis
of patients with MM has been poor due to a lack of effective
therapies. Over the past decade, although the introduction
of new drugs, including bortezomib and lenalidomide, has
improved the treatment landscape for MM patients, almost all
patients continue to experience disease relapse (2). Therefore,
further investigations to find a novel anti-myeloma drug should
be conducted.

Gambogic acid (GA, C;3H,,Oq, Fig. 1) is the main
active ingredient of gamboges secreted from the Garcinia
hanburryi tree, which mainly grows in Southeast Asia. GA is
known to have extensive antitumor activities in certain solid
tumors (3,4). Over the last decade, our group has confirmed
that GA exhibits cytotoxicity in various types of hematological
malignancy (5,6). Various mechanisms by which GA exhibits
extensive anticancer activity have been reported, including
the downregulation of Bcl-2 (3,4), activation of p53 (7) and
caspase-3 (4) and the downregulation of the HERG potas-
sium channel (5). However, which point is the key target of
GA in the induction of the apoptosis of cancer cells remains
uncertain. As the changes in these proteins were correlated
with the generation of reactive oxygen species (ROS) (8-11), it
is suggested that GA contributes to ROS accumulation, which
causes changes in the proteins mentioned above as the down-
stream targets of ROS.

The molecular structure of GA includes an a,-unsatured
ketone, which is present in certain drugs that induce apoptosis
by generating ROS (12) and ROS accumulation contributes to
the apoptosis of human hepatoma SMMC-7721 cells treated
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with GA (13). Based on these theories, we hypothesized that
GA has the potential to induce the apoptosis of MM RPMI-
8226 cells via ROS accumulation.

ROS are generally highly reactive and short-lived mole-
cules, including superoxide anion, hydroxyl, peroxyl, alkoxyl
and O,-derived non-radical species such as hydrogen peroxide
that are generated by the incomplete one-electron reduction of
oxygen (14). As products or by-products of cell metabolism,
ROS act either as signaling molecules or as cell toxicants
depending on the site of generation, spatial distribution, pulse
concentration and temporal duration (9). ROS-generating
enzymes are usually controlled at the gene and protein level
(15,16). ROS levels are balanced by non-enzymatic antioxidants
(e.g., glutathione) and antioxidant enzymes (e.g., superoxide
dismutase and catalase) (17). When redox signaling and control
are disrupted, or the balance between oxidants and antioxidants
tips towards the oxidant side, the concentration of ROS rises,
contributing to the damage of biomolecules, including DNA,
proteins and lipids, by oxidative modification (18). The damage
that occurs may lead to disease (19), but also contributes to the
anticancer activity of chemotherapy (20).

SIRT1, a NAD*-dependent deacetylase, acts on numerous
substrates to control cell senescence, proliferation and apop-
tosis (21). There is a close association between the cellular redox
status and SIRT1 function, as the overexpression of SIRT1has
been reported to block oxidant-induced apoptosis via the inhi-
bition of p53 activity (22). Under nutrient depletion, SIRT1 may
protect MM RPMI-8226 cells from apoptosis (23). Moreover,
SIRT1 is relevant to tumorigenesis and chemotherapy resis-
tance (24), and SRT1720, which targets SIRT1, has been shown
to inhibit growth and induce apoptosis in MM cells resistant
to conventional and bortezomib therapies (25). This observa-
tion indicates that SIRT1 may be a new target in anticancer
research, particularly in MM, which has a high relapse rate.

In the present study, we examined the effect of GA on the
proliferation and apoptosis of RPMI-8226 cells and explored
the correlation between ROS generation, SIRT1 expression
and anticancer activity. We demonstrated that GA had the
potential to inhibit the proliferation of RPMI-8226 cells and
induce apoptosis. These properties were mainly dependent on
ROS accumulation, the activation of the downstream targets of
GA and SIRT1 downregulation.

Materials and methods

Reagents and cell culture. GA (C;H,,O4, molecular
weight 628.75 g/mol), dimethyl sulfoxide (DMSO), Hoechst
33258, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium (MTT) and scavenger N-acetylcysteine (NAC)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
2'.7'-dichlorofluorescein-diacetate (DCFH-DA) was purchased
from Beyotime (Jiangsu, China). RPMI-1640 medium was
purchased from Gibco Co. (Carlsbad, CA, USA), while the fetal
bovine serum (FBS) was from Hangzhou Sijiging Biological
Engineering Materials Co., Ltd. (Hangzhou, China). The
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide
(PD) reagent kit was purchased from Nanjing Key-Gen Biotech
Co., Ltd. (Nanjing, China). The anti-activated caspase-3,
anti-PARP and anti-y-tubulin antibodies were from Cell
Signaling Technology, Inc. (Danvers,MA,USA). The anti-SIRT1
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Figure 1. Molecular structure of gambogic acid.

antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The anti-rabbit and anti-mouse secondary
antibodies were from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA, USA). The BCA Protein Assay kit, chemi-
luminescence reagent kit and PVDF membranes were provided
by Pierce Biotechnology, Inc. (Rockford, IL, USA). Briefly, GA
was dissolved in DMSO, equivalently packed, stored at -20°C
and thawed prior to use. The RPMI-8226 cells were donated
by the Department of Immunology, Tongji Medical College,
Huazhong University of Science and Technology (Wuhan,
China) and were cultured in RPMI-1640 medium supplemented
with 10% FBS and placed in a humidified incubator with 95%
air and 5% CO, at 37°C.

MTT assay. The effect of GA on the proliferation of
RPMI-8226 cells was analyzed using the MTT assay. Briefly,
cells (2x10%) were seeded in a 96-well plate and treated with
0.5,1.0,1.5,2.0 or 2.5 uM GA for 12 h. Following incubation,
20 ul MTT (5 mg/ml) was added to each well and the cells
were incubated for a further 3 h at 37°C. The supernatant was
discarded, 150 1 DMSO was added and the plate was gently
agitated until the blue crystals were dissolved. Absorbance
(A) at a wavelength of 490 nm was measured using a plate
microreader (Tecan Spectra, Midnnedorf, Switzerland). The
cell proliferation inhibition rate (%) was calculated using the
formula: [1-(A of experimental samples/A of the control)]x100.

Annexin V-FITC/PI double-labeled flow cytometry. To detect
the apoptotic ratio of cells treated with GA (1.0, 1.5 or 2.0 uM)
alone or with NAC for 12 h, the expression of Annexin
V-FITC and the exclusion of PI were detected using two-color
flow cytometry (FCM). RPMI-8226 cells were collected using
EP tubes, washed twice with PBS and resuspended in 500 pul
binding buffer. The samples were incubated with 5 1 Annexin
V-FITC for 10 min at room temperature and then 5 1 PI was
added. Each sample was incubated for a further 10 min at
room temperature in the dark before the fluorescence intensity
was quantitated using a flow cytometer (Becton-Dickinson,
Franklin Lakes, NJ, USA).

Hoechst 33258 staining. The nuclear fragmentation in
RPMI-8226 cells treated with 2.0 uM GA for 12 h was visua-
lized using Hoechst 33258 staining. RPMI-8226 cells were
plated in 12-well plates at a density of 1x10° cells/well and
incubated with GA. After 12 h, the cells were collected and
washed twice in PBS. The cells were then fixed in 4% para-
formaldehyde for 10 min at room temperature and re-suspended
in PBS prior to deposition on polylysine-coated slides. After
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30 min, the adhered cells were permeabilized with 0.1% Triton
X-100 for 5 min at 4°C and incubated with Hoechst 33258 for
30 min at room temperature. Following washing with PBS,
the cells were mounted with glycerol and covered with a cover
slip. The images of the nuclei were captured using an Olympus
BH-2 fluorescence microscope (Tokyo, Japan).

Detection of intracellular ROS levels. The levels of ROS in
RPMI-8226 cells were detected using DCFH-DA. The cells
were plated in 12-well plates and treated with GA at different
concentrations (1.0, 1.5 or 2.0 M) in the absence or presence
of 1.5 mM NAC. When the interruption point was reached,
the cells were collected and washed three times in PBS.
DCFH-DA (500 pl; 10 uM) was added to each sample and the
cells were incubated at 37°C for 30 min. During the incubation
period, each sample was agitated every 10 min to ensure that
the reagent reacted sufficiently with the ROS. To reduce the
fluorescence background, each sample was washed twice in
PBS before detecting the fluorescence intensity of DCF using
FCM (Becton Dickinson).

Western blot analysis. RPMI-8226 cells treated with 1.5 or
2.0 uM GA in the absence or presence of 1.5 mM NAC for 12 h
were collected and lysed in lysis buffer (150 mM NaCl, 50 mM
Tris with pH 7.4, 1% NP40,0.1% SDS, 0.5 sodium deoxycholate)
supplemented with protease inhibitors, followed by centrifuga-
tion at 12,000 x g for 15 min at 4°C. The protein concentration
in each sample extract was detected using the BCA assay.
SDS-PAGE was performed on 15% polyacrylamide gels, with
40 ug of protein samples per lane. Following electrophoresis, the
proteins were transferred to PVDF membranes and incubated in
5% non-fat milk at room temperature for 2 h. Subsequently, the
membranes were incubated with a specific primary antibody
overnight at 4°C. After being washed three times using PBS,
the membranes were incubated with an appropriate concentra-
tion of horseradish peroxidase (HRP)-conjugated anti-mouse
or anti-rabbit secondary antibody for 2 h. After being washed
a further three times with PBS, the specific protein band was
visualized using the ECL kit.

Statistical analysis. Experiments were repeated three times.
The data were processed using SPSS 13.0 statistical software
for Windows (SPSS, Chicago, IL, USA) and shown as the
mean = SD. Comparisons among the groups were analyzed
using one-way ANOVA and the Student-Newman-Keuls
(SNK) test. P<0.05 was considered to indicate a statistically
significant result.

Results

GA inhibited the proliferation of RPMI-8226 cells. The MTT
assay was used to identify the effect of GA on the prolifera-
tion inhibition rate of RPMI-8226 cells. The inhibition rates
of the cells treated with 0.5, 1.0, 1.5, 2.0 and 2.5 uM were
found to be 5.99+3.39, 19.41+2.95,36.26+4.34,43.69+3.07 and
52.28+1.24%, respectively, which were significantly higher
than those of the untreated cells (Fig. 2).

GA induced apoptosis in RPMI-8226 cells. Annexin V-FITC/
PI double-labeled FCM was applied to detect the apoptosis of
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Figure 2. Effect of GA on the proliferation inhibition ratio in RPMI-8226
cells. Inhibition of the growth of RPMI-8226 cells treated with 0.5, 1.0, 1.5,
2.0 or 2.5 uM GA for 12 h was detected by MTT assay. Compared with
the untreated group, the inhibition rates of cells treated with 0.5, 1.0, 1.5,
2.0 and 2.5 uM GA were 5.99+3.39, 19.41+2.95, 36.26+4.34, 43.69+3.07 and
52.28+1.24%, respectively. Data were presented as the mean + SD of three
independent experiments. GA, gambogic acid.

RPMI-8226 cells treated with various concentrations of GA
0, 1.0, 1.5 or 2.0 uM) for 12 h. The Annexin V-FITC-positive
and PI-negative cells are early apoptotic cells and the Annexin
V-FITC and PI-positive cells are late apoptotic cells. The
total apoptotic rate is the sum of the early and late apoptotic
rates. Few Annexin V-FITC-positive cells were observed in
the control group (Fig. 3). However, when the concentration
of GA increased to 1.0 uM, the Annexin V-positive cells were
detected. The total apoptotic rates of RPMI-8226 cells treated
with 1.0, 1.5 and 2.0 uM GA were 14.10+1.51, 40.23+2.63 and
57.67+£3.25%, respectively, which were significantly higher
than those of the control group (4.73+0.51%).

Hoechst 33258 staining was used to detect changes in
nuclear morphology in RPMI-8226 cells treated with 1.5 yM
GA for 12 h. Normal RPMI-8226 cells had intact plasma
membranes and ordered chromatin folding (Fig. 4). Following
treatment with 1.5 xM GA for 12 h, apoptotic bodies were
found to be present in the RPMI-8226 cells, in which the chro-
matin became condensed, the nuclear envelopes were lytic and
the cytoplasm had decreased in size.

GA contributed to ROS accumulation in RPMI-8226 cells.
FCM analysis of DCF fluorescence intensity was applied to
monitor the level of intracellular ROS in RPMI-8226 cells
treated with GA for 12 h. The mean fluorescence intensities of
DCF in RPMI-8226 cells treated with GA (1.0, 1.5 or 2.0 uM)
were 16.30+1.94, 53.38+4.24 and 80.42+6.48, respectively,
which were significantly higher than those of the untreated
group (7.70+1.41) (Fig. 5).

NAC reduced the apoptosis rate in RPMI-8226 cells treated
with GA. We applied ROS scavenger NAC to investigate the
correlation between ROS accumulation and apoptosis induction
in RPMI-8226 cells. As predicted, compared with the normal
group, NAC did not affect the ROS level or the apoptotic rate
in RPMI-8226 cells, but it significantly decreased GA-induced
ROS accumulation in RPMI-8226 cells. Compared with the
2.0 uM GA group, the mean DCF florescence intensity of
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Figure 3. Assessment of apoptosis in RPMI-8226 cells treated with GA for 12 h in the presence or absence of NAC. Annexin V-FITC/PI double staining was
used to detect the apoptotic rate. Cells in the Q2 quadrant are late apoptotic cells, while those in the Q4 quadrant are early apoptotic cells. The total apoptotic
rate is the sum of the early and late apoptotic rates. Data were presented as the mean + SD of three independent experiments. “P<0.05. GA, gambogic acid;
NAC, N-acetylcysteine; Annexin V-FITC/PI, Annexin V-fluorescein isothiocyanate/propidium iodide.

Control

Figure 4. Effect of GA on the apoptosis of RPMI-8226 cells. RPMI-8226
cells treated with 2.0 uM GA for 12 h were stained with Hoechst 33258 and
detected using a fluorescence microscope. In the control group, the untreated
cells showed normal cell nuclear morphology. Following treatment with GA
for 12 h, a number of apoptotic bodies showing fragmented or condensed
nuclei (indicated by the arrows) were detected. GA, gambogic acid.

RPMI-8226 cells treated with 1.5 mM NAC and 2.0 uM GA
was markedly decreased, from 80.42+6.48 to 43.30+4.46. The
apoptotic ratio was also significantly reduced, from 57.67+3.25
to 32.10+2.47.

ROS accumulation leads to the activation of caspase-3 and
cleavage of poly (ADP-ribose) polymerase (PARP). ROS
accumulation is known to activate caspase-3 in human hepa-
toma SMMC-7721 cells (13). The results of the present study
indicate that GA increased the amount of activated caspase-3
in a dose-dependent manner. PARP, a 116 kDa protein and

a major substrate of activated caspase-3, is cleaved to form
an amino-terminal DNA binding fragment (24 kDa) and a
carboxy-terminal catalytic fragment (89 kDa) (26). Following
the activation of caspase-3, the level of the 89 kDa fragment
of PARP was increased (Fig. 6A). Consistent with the changes
in the apoptotic rate and the ROS level, NAC significantly
reduced the activation of caspase-3 and the cleavage of PARP
in RPMI-8226 cells treated with 2.0 uM GA for 12 h.

ROS accumulation leads to the downregulation of SIRTI.
Western blot analysis was used to detect the expression of
SIRT1 in RPMI-8226 cells treated with 1.5 or 2.0 uM GA for
12 h. GA was found to downregulate SIRT1 expression in a
dose-dependent manner (Fig. 6B). Compared with the normal
group, treatment with 1.5 mM NAC alone did not affect the
expression of SIRT1, whereas NAC significantly blocked
GA-induced SIRT1 downregulation in RPMI-8226 cells. These
data indicate that ROS accumulation mediates SIRT1 reduction.

Discussion

GA, the major active ingredient of gamboges secreted from
the Garcinia hanburryi tree, has antitumor properties in solid
tumors of various derivations in vitro and in vivo (27). The
mechanisms of the anticancer activities of GA are complex
and the most significant contributor has yet to be identified. At
present, little is known as to how GA affects MM cells and the
possible mechanisms by which it occurs, thus, further investi-
gations should be conducted to determine these mechanisms.
Based on the theory that the structure of GA includes an
a,p-unsatured ketone and GA contributes to the accumulation
of ROS mentioned above (13), we explored the anticancer
potential of GA in MM RPMI-8226 cells and investigated its
basic molecular mechanism. First, GA inhibited the prolifera-
tion rate of RPMI-8226 cells (Fig. 2). We also found that GA has
the potential to induce ROS accumulation in RPMI-8226 cells
in a dose-dependent manner. Following treatment with 2.0 M
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Figure 5. Assessment of the levels of intracellular ROS in RPMI-8226 cells treated with GA. Cells were incubated with various concentrations (1.0, 1.5 or
2.0 uM) of GA alone or with 1.5 mM NAC for 12 h. DCFH was applied to detect the intracellular ROS accumulation. The mean fluorescence of DCF represents
the levels of ROS. Data were presented as the mean + SD of three independent experiments. “P<0.05. GA, gambogic acid; NAC, N-acetylcysteine; ROS, reactive
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Figure 6. Effect of GA on caspase-3, PARP and SIRT1. Cells were incubated
at various concentrations (1.0, 1.5 or 2.0 uM) of GA alone or with 1.5 mM
NAC for 12 h. Western blot analysis was used to detect the amount of activated
caspase-3, PARP (the major substrate of activated caspase-3) and SIRT1. The
result shows that GA contributes to the activation of caspase-3, followed by
the cleavage of PARP in a dose-dependent manner. GA also decreases the
expression of SIRT1. NAC blocks the ability of GA to activate caspase-3
and inhibit SIRT1 expression, whereas 1.5 mM NAC alone has no effect on
the activation of caspase-3, cleavage of PARP, and SIRT1 downregulation in
RPMI-8226 cells. GA, gambogic acid; PARP, poly (ADP-ribose) polymerase;
NAC, N-acetylcysteine.

GA for 12 h, the mean fluorescence intensity of DCF, which
represents the level of intracellular ROS, was 80.42+6.48,
which was approximately ten times that of the normal control
group (7.70+1.41). Consistent with this phenomenon, GA also
induced the apoptosis of RPMI-8226 cells in a dose-dependent
manner. The apoptosis rate of RPMI-8226 cells treated with
2.0 uM GA was 57.67+3.25%, which was approximately thir-
teen times that of the control group (4.73+0.51%).

To confirm the correlation between GA-induced ROS accu-
mulation and apoptosis in RPMI-8226 cells, we added ROS
scavenger NAC to the GA group and detected the changes in
ROS levels and apoptotic rates with or without NAC. The results
showed that NAC significantly reduced the ROS accumulation
induced by GA (from 80.42+6.48 to 43.30+4.46). NAC also
reduced the apoptotic rate of RPMI-8226 cells treated with
GA (from 57.67+3.25 to 32.10+2.47%). These results demon-
strate that ROS accumulation is the major cause of apoptosis
in RPMI-8226 cells treated with GA and that reducing ROS
accumulation protects the vitality of RPMI-8226 cells from
GA treatment.

Caspase-3, as the most significant executioner caspase,
induces apoptosis via the cleavage of substrates, including
DNA repair- and cell cycle-related proteins, structural proteins
and the mediators and regulators of apoptosis (28). ROS are
known to activate caspases, which are constitutively expressed
in the cytosol as inactive proenzyme monomers, via prote-
olysis at internal sites (29). ROS also induce the collapse of
MMP, followed by the release of the pro-apoptotic factor Cyt c
from the inner mitochondrial space to the cytosol, which in
turn activates apoptosis executioner caspase-3 via the activa-
tion of apoptosis initiator caspase-9 (30). Moreover, the release
of Cyt c contributes to ROS accumulation (30) and activated
caspase-3 enhances caspase-9 processing by amplification via
the promotion of caspase-2 and -6 activation (31).

The results of the present study have shown that GA may
also induce the activation of caspase-3 in RPMI-8226 cells in
a dose-dependent manner. Since ROS scavenger NAC reduced
caspase-3 activation and the apoptotic rate, we concluded that
GA induces apoptosis in RPMI-8226 cells mainly through the
accumulation of ROS, which activates caspase-3. To verify
this conclusion, we investigated changes in the level of PARP,
which is involved in DNA repair in response to extracellular
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stress and is one of the major cleavage targets of caspase-3
in vivo (26). Consistent with the activation of caspase-3 in
RPMI-8226 cells treated with GA, the amount of 89 kDa
fragments of 116 kDa PARP was elevated depending on the
drug concentration. NAC also blocked the cleavage of PARP
in cells treated with GA.

We found that GA had the potential to downregulate
the expression of SIRT1 in a dose-dependent manner.
Mammalian SIRT1, as the closest homolog of the yeast
Sir2, is extensively involved in regulating cell processes,
including cell senescence, aging and neuronal protection,
as well as having anti-apoptotic properties (24). SIRT1 is
upregulated in various types of cancer, including leukemia,
lymphomas, soft-tissue sarcomas, prostate cancer and lung
and colon carcinomas (32-35). Moreover, a high level of
expression of SIRT1 has been reported to protect cancer cells
from chemotherapy (36) and ionizing radiation (37). The
mechanisms of SIRT1 that contribute to tumorigenesis and
resistance to chemotherapy and radiotherapy are complex
and include inhibitory effects on FOXO3a, p53, E2F1 and
Ku70 (24). For example, SIRT1 overexpression may block
oxidant-induced apoptosis via the inhibition of p53-mediated
nuclear transactivation (22). The SIRT1-FOXO-3a interac-
tion reportedly increases the transcription of stress-resistant
genes and decreases the expression of FOXO-3a-dependent
pro-apoptotic genes during oxidative stress (38). SIRT1 may
thus be a new target in cancer therapy. To clarify, SIRT1
RNAI knockdown induced apoptosis and senescence, inhib-
ited invasion and enhanced chemosensitivity in pancreatic
cancer cells (39). SIRT1720 also inhibited growth and
induced apoptosis in MM cells resistant to conventional and
bortezomib therapies by targeting SIRT1 (25). In the present
study, we found that GA downregulates SIRT1 expression via
ROS generation, whereas NAC reduces the downregulation
of SIRT1 via the elimination of the accumulation of ROS
(Figs. 5 and 6B).

In conclusion, our results demonstrate that GA induces
apoptosis in RPMI-8226 cells via ROS accumulation.
Caspase-3, which is located downstream of ROS and executes
apoptosis, was activated during the apoptosis of RPMI-8226
cells treated with GA. Moreover, high levels of ROS down-
regulated the expression of SIRT1, which is also relevant to
apoptosis. As SIRT1 is significant in protecting cancer cells
from chemotherapy, and chemotherapy resistance is the main
cause of cancer relapse, we predict that GA may have the
potential, not only to induce the apoptosis of MM cells, but
also to decrease the relapse rate of MM.
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