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Gambogic acid (GA) is the main active ingredient of gamboge, a brownish to orange dry resin secreted from Garcinia hanburyi, a plant
that is widely distributed in nature. Recent in vitro and in vivo studies have demonstrated that GA exerts potent antitumor effects
against solid tumors of various derivations, and its antitumor mechanisms have been thoroughly investigated. On the other hand,
normal cells remain relatively resistant to GA, indicating a therapeutic window. GA is currently in clinical trials in China. Over the last
decade, our laboratory demonstrates that GA exhibits potent anticancer activities against hematological malignancies. This review
focuses on the new mechanisms through which GA inhibits proliferation and induces apoptosis in malignant hematological cells.
These include the regulation of expression and intracellular positioning of nucleoporin and nucleophosmin; downregulation of steroid
receptor coactivator-3 (SRC-3) and its downstream proteins; upregulation of death inducer-obliterator (DIO-1); downregulation of HERG
potassium channel; as well as induction of reactive oxygen species (ROS) accumulation.
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Introduction

It is extraordinarily important to maintain a balance between
cell division and death to ensure the correct development and
maintenance of multicellular organisms. Disruption of this
dynamic balance has pathologic consequences and can lead
to disturbed embryogenesis, neurodegenerative diseases, and
tumor formation!"!. The multi-step process of tumor genera-
tion is typically linked to apoptosis resistance. For example,
by interrupting the signals that can trigger mitochondrial
perturbations, tumor cells gain the ability to abolish the mito-
chondrial pathway of apoptosis®. Additionally, the inability
of most cancers to undergo apoptosis in response to chemo-
therapeutics is the key cause of treatment failure and presents
one of the major unsolved bottlenecks in oncology'.

In recent decades, natural drugs have received much atten-
tion as cancer chemopreventive agents and therapeutics.
Because of their capacity to bind multiple targets, natural
drugs may have an advantage over rationally designed mono-
targeted agents in the treatment of cancer with multigenic
abnormalities”. The use of herbs in China can be dated back
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to the third century BCE, and more than 7000 species have
been recorded in Chinese literature since then. One of these
species, the gamboges, has been reported to cure tooth decay
and edema in ancient Chinese books.

Gambogic acid (GA, C3;sHyO5, MW: 628.75, Figure 1) is
the main active ingredient in gamboges and is a brownish
to orange dry resin secreted from Garcinia hanburyi, a plant
that mainly grows in South China, Cambodia, Vietnam, and
Thailand®. Recent in vitro and in vivo studies demonstrated
that GA had potent anti-tumor effects on solid tumors of
various derivations, such as human lung carcinomal® and
hepatoma”. The mechanisms of GA anti-tumor activity
include downregulating Bcl-2, activating p53, directly bind-

Figure 1. Chemical structure of Gambogic acid (GA, C3gH,4405, MW:
628.75).
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ing to c-myc and transferring receptors, and blocking vascular
endothelial growth factor (VEGF) signaling[“]. Additionally,
GA3, a new GA derivative, can produce potent cytotoxicity

Bl In contrast, GA exhibits less tox-

against a panel of cell lines
icity to normal cells compared with cancer cells. For example,
normal hepatocytes and breast cells are more resistant to

GA than hepatoma and breast cancer cells**!

, indicating a
therapeutic window. Over the last decade, our laboratory
has demonstrated that GA exerts potent anticancer activity
in hematological malignancies. This review will focus on the
mechanisms through which GA kills malignant hematological

tumor cells (Figure 2).
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Figure 2. The anti-hematologic malignancies mechanisms of GA. GA
induces hematologic malignancies cells apoptosis via regulating the
expression and intracellular positioning of nucleoporin and nucleophosmin
(NPM); down-regulating steroid receptor coactivator-3 (SRC-3) as well as
its downstream proteins; up-regulating death inducer-obliterator (DIO-1);
down-regulating NF-kB; down-regulating HERG potassium channel; and
induction of ROS accumulation.

Regulation of nucleoporin and nucleophosmin

Because various proteins are abnormally localized in the
cytoplasm and nucleus of tumor cells, mechanisms relating
to the nucleocytoplasmic transport of proteins may provide
novel opportunities for anti-cancer drug research!"”. As the
only nucleocytoplasmic pore, the nuclear pore complex (NPC)
spans the two lipid bilayers of the nuclear envelope and is an
essential mediator of all known transport events between the
nucleus and the cytoplasm. In addition to mediating nucleo-
cytoplasmic transport, the NPC seems to be either directly or
indirectly involved in many other cellular processes, includ-
ing chromosome segregation, gene expression and apoptosis.
The NPC consists of more than 30 different proteins, named
nucleoporins (Nups)™.

Nup88, an NPC protein, has received considerable attention
as a potential marker for high-grade tumors. Nup88 is a non-
phenylalanine-glycine (FG) nucleoporin located exclusively on
the cytoplasmic side of the NPC'?. It contains two repeating
structural motifs: the N-terminal domain, which is predicted
to form a B-propeller structure, and the C-terminal domain,
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which is predicted to contain coiled-coils"

. Nup88 can form
a sub-complex of the NPC together with the FG repeat nucleo-
porin Nup214 through the N-terminal B-propeller structure
of Nup88 and a central coiled-coil domain of Nup214". This
Nup88/Nup214 sub-complex makes important contributions
to nuclear export. It has been reported that both the FG repeat
domain of Nup214 and the N-terminal B-propeller domain can
bind directly to CRM-1/exportin-1"*"", the receptor for the
export of most proteins from the nucleus, such as nuclear fac-
tor kappaB (NF-kB)!", which is a ubiquitous transcription fac-
tor involved in the immune response, apoptosis, and cancer.

A monoclonal antibody raised against Candida albicans unex-
pectedly cross-reacted with human Nup88"”, leading to the
discovery of Nup88 overexpression in a broad spectrum of
neoplasias, including carcinomas, sarcomas, lymphomas and
mesotheliomas!.
samples demonstrated that Nup88 expression did not correlate

Immunoblotting several lung carcinoma

with a concomitant overexpression of its interacting partner
Nup214, suggesting selective nucleoporin dysregulation!,
Moreover, the intensity of Nup88 staining generally correlates
with tumor grade, and the highest expression is routinely
detected in more advanced tumors and around the edges of
tumors, suggesting a link to invasivity!’.

Until now, the exact nature of the relationship between
Nup88 overexpression and tumorigenesis has been uncertain.
Perhaps, the overexpression of Nup88 leads to the assembly
of the Nup88/Nup214 subcomplex, which traps CRM-1 at
cytoplasmic foci and inhibits protein export™. For example,
the depletion of Nup88 by small interfering RNA (siRNA)
inhibited NF-xB-dependent reporter gene activation and the
nuclear translocation of NF-xB without affecting the upstream
activation pathway in mouse NIH3T3 fibroblast cells. In
metastatic melanoma cells overexpressing Nup88, constitutive
NF-xB activation was found in the nucleus and cytoplasm, and
Nup88 depletion reduced the tumor necrosis factor (TNF)-in-
duced nuclear accumulation of NF-«kB subunits in these cells.
These phenomena imply that Nup88 overexpression in tumor
cells may contribute to constitutive NF-xB activation™”.

In our previous study, almost 96% of acute monocytic leuke-
mia U937 cells expressed Nup88 by flow cytometry analysis.
It has been reported that Nup88 is normally localized on the
cytoplasmic side of NPCs", but in U937 cells, immunofluo-
rescence detection using confocal microscopy showed that
it is extensively expressed in the nucleus and cytoplasm®!.
Compared with the control group, Nup88 in U937 cells treated
with 1.0 mg/L GA for 24 h was re-distributed to the cytoplas-
mic side of NPCs. GA could correct the disrupted distribu-
tion of Nup88 in U937 cells and decrease the protein level by
inhibiting gene transcription in a dose-dependent manner.
As a result of the effect of GA on the regulation of Nup88, the
function of nucleocytoplasmic traffic was affected, leading to
the failure to meet the great demand for proteins in U937 cells.
GA also downregulated the expression of Nup88 protein and
mRNA levels in human HL-60 myeloid leukemia cells™ and
Jurkat T cell leukemia cells®®!
apoptosis.

, which was accompanied by cell



Nucleophosmin is another key molecule in nucleocytoplas-
mic communication. It can shuttle continuously through the
NPC between the nucleus and the cytoplasm during the cell

24 The nucleo-

cycle and sustains normal cell homeostasis
phosmin gene (nucleophosminl) belongs to a new category of
genes that function as oncogenes or tumor-suppressor genes
depending on its dosage, expression level, interacting partners
and compartmentalization™. It has been reported that the
nucleophosminl gene is one of the most frequent targets of
genetic alterations in hematological malignancies, especially in
de novo acute myeloid leukemia®. In pharmaceutical research
on tumor treatments, the change in nucleophosmin expres-
sion is relevant to the destiny of cancer cells. For example,
nucleophosmin expression is decreased in phorbol ester
12-otetradecanoylphorbol-13-acetate (TPA)-induced human
K562 chronic myeloid leukemia cell differentiation””! and
retinoic acid-induced differentiation and sodium butyrate-
28]

induced apoptosis of HL-60 cells'™. In our previous research,
GA decreased the expression of Nup88 and changed its loca-
tion and decreased the expression of nucleophosmin in a dose-
dependent manner'®,

Altogether, these results demonstrated that GA has a potent
ability to block the nucleocytoplasmic transport of proteins by
regulating Nup88 and nucleophosmin, which results in apop-
tosis and the cell cycle arrest of Jurkat cells, HL60 cells and

U937 cells.

Regulation of steroid receptor coactivator-3 (SRC-3)
SRC-3 is a member of the p160 family of SRCs, which also
contains SRC-1 and SRC-2/TIF-2/GRIP-1®). SRC-3 was first
identified from an amplified region of the long arm of chro-
mosome 20 (20q) in breast cancer in 1997 by Anzick SL and
originally termed amplified in breast cancer 1 (AIB1)*”. SRC-3
also has other names, such as nuclear receptor coactivator-3
(NCoA-3), receptor-associated coactivator-3 (RAC3), activa-
tor of thyroid hormone and retinoid receptor (ACTR), thy-
roid hormone receptor-activating molecule-1 (TRAMI), and
p300/ CBP-interacting protein (p/CIP)P". The SRC-3 pro-
tein contains three basic structural domains: the N-terminal
basic helix-loop-helix-Per/ ARNT/Sim domain (bHLH-PAS),
through which SRC-3 interacts with other DNA-binding pro-
teins; the receptor-interacting domain (RID), which includes
three LXXLL motifs and through which SRC-3 binds to
the ligand-activated nuclear receptors; and the C-terminal
domain, which contains two intrinsic transcriptional activation
domains named AD1 and AD2 and contributes to the interac-
tion between SRC-3 and histone acetyltransferases or methyl-
transferases. The C-terminal of SRC-3 also has its own histone
acetyltransferase activity™.

Since SRC-3 was first discovered to be amplified in breast
tumors in 1997, the correlation between SRC-3 and tumors

33]

has been comprehensively discussed". Recently, a growing

body of evidence has demonstrated that SRC-3 plays a central
role in tumor genesis, progression, invasion and metastasis.

SRC-3 is often overexpressed in several hormone-dependent

1 [34

cancers, such as breast cancer™, ovarian cancer®, and endo-
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metrial cancer™. Moreover, SRC-3 dysregulation also leads to
hormone-independent cancers and malignant disease, such as
colorectal cancer®, hepatocellular cancer (HCC)®, pancreatic

¥l and gastric cancer™

cancer . In animal models, overexpres-
sion of SRC-3 results in increasing cancer incidence in various
organs including the lung, uterus, and breast*”. With regard
to hematological malignancies, SRC-3 has been found to be
overexpressed in K562 chronic myelogenous leukemia cells
and Raji Burkitt's lymphoma cells"!. Additionally, SRC-3 is
involved in leukemia-specific chromosome translocation in
acute myelocytic leukemia (AML)-M4 /M5, which leads to the
expression of the MYST3/NCOAS3 fusion gene*.

SRC-3 is related to the apoptosis resistance of cancer cells.
The overexpression of SRC-3 partly blocked H,O,-mediated
apoptosis in HEK293 cells in vitro'*. Overexpression of SRC-3
in K562 cells has been implicated in cancer multidrug resis-
tance, as the inhibition of SRC-3 by siRNA enhanced the sen-
sitivity of K562 cells to TNF-related apoptosis-inducing ligand
(TRAIL)-mediated apoptosis*!l. These results implied that
SRC-3 had the potential to be a new target for antitumor drug
research. Additionally, we confirmed that GA could down-
regulate the levels of both SRC-3 mRNA and protein in A549
cells and K562 cells™!. It has been reported that SRC-3 can
disturb apoptosis through Akt signaling, which is related to
multiple apoptosis signaling pathways. Various studies have
demonstrated that many components of the Akt signaling
pathway are constitutively active in a wide range of human
tumors, especially in leukemia®!. Leukemia cells display
increased expression of a phosphorylated form of Akt com-
pared with granulocytes™. Additionally, the phosphorylation
levels of GSK3p and S6k1, which stimulate protein synthesis
and cell survival as downstream effectors of Akt, are also high
in leukemia cells®”.

It has been reported that the overexpression of SRC-3 will
block apoptosis by enhancing Akt and NF-«B activity and
increasing Bcl-2 expression!*”, while knockdown of SRC-3 by
siRNA will decrease the expression of multiple genes associ-
ated with the Akt signal pathway and induce apoptosis in

471 Moreover, in the SRC-3 null mouse animal

cancer cells
model, several components of the Akt signal pathway are
also downregulated””. These phenomena imply that the Akt
signal pathway is under the strict control of SRC-3. Consis-
tent with previous findings, we found that Akt and its down-
stream targets GSK33 and S6k1l were constitutively activated
in K562 cells, and GA inhibited their phosphorylation in a
dose-dependent manner*!, while their un-phosphorylated
levels were not affected. In K562 cells, GA downregulated
both the protein and mRNA levels of Bcl-2, which can act as
an anti-apoptosis protein by maintaining mitochondrial mem-
brane potential stability and is a crucial mediator downstream
of the Akt signal pathway™ .

Regulation of death inducer-obliterator (DIO-1) and NF-
KB

DIO-1 was identified by differential display PCR in pre-B
WOL-1 cells undergoing apoptosis by interleukin-7 (IL-7)
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starvation. The DIO-1 gene is located at 20q13.33 in Homo
sapiens, and its amino acid sequence exhibits predicted tran-
scriptional activation domains consisting of a canonical bipar-
tite nuclear localization signal (NLS) in the N-terminal region,
two Zn-finger motifs in the central region, and a C-terminal
lysine-rich sequence®”. The expression level of DIO-1 is low
in WOL-1 cells in the logarithmic growth period. When apop-
tosis was induced in WOL-1 cells, the DIO-1 level increased.
For example, DIO-1 was upregulated in MOL-1 cells treated
with IFN-y, dexamethasone or IL-7 deprivation but not in cells
treated with etoposide or UV irradiation or cells undergoing
p53-induced cell death. In MEF(10.1)Val5MycER cells, DIO-1
upregulation was observed in the absence of serum after addi-
tion of E2 but not before or at 32°C. Transfection of a DIO-1
expression plasmid into BA/F3, A20, or FL5.12 cells resulted
in cell apoptotic death, while the empty vector had no effect
on cell survival; apoptotic cell death could be blocked by
incubation with the pan caspase inhibitor benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk) or Bcl-2
overexpression'*’.

These data implied that DIO-1 upregulation could lead to
cell apoptosis by activating caspase. Garcia-Domingo et al®!
further confirmed that nuclear translocation was the main reg-
ulatory event in the DIO-1-induced apoptotic death pathway,
as DIO-1 translocation upregulated protein levels of procas-
pase-3 and -9, which enhanced their own apoptosis-inducing
activity. A nuclear localization signal deletion mutant of
DIO-1 failed to translocate to the nuclear compartment in the
absence of interleukin-3, upregulate procaspase levels or trig-
ger cell death.

In a clinical study, 100% of human myelodysplastic syn-
drome (MDS)/myeloproliferative disorder (MPD) patients
who were analyzed showed DIO misexpression, which was
also found in other myeloid neoplasm patients but not in Iym-
phoid neoplasm patients or healthy donors®. In our previ-
ous study, we showed that GA could not only upregulate the
DIO-1 protein expression level in a dose-dependent manner,
but could also change the location of DIO-1 in adult acute lym-
phoblastic leukemia Jurkat T cells. In the control group, DIO-1
was mainly located in the cytoplasm, although the nucleus
showed slightly scattered green fluorescence of DIO-1, and
the nucleus per se was intact. After Jurkat T cells were treated
with GA, DIO-1 was mainly located in the nucleus and became
aggregated in each early apoptotic cell, which exhibited rela-
tively intact but condensed chromatins®™.

NEF-xB, as a collective term for a small family of dimeric
transcription factors containing p65, RelB, c-Rel, p50/p105,
and p52/p100, plays a pivotal role in lymphocyte develop-
ment, proliferation, and survival and is pivotal in lymphoid
malignancies, such as Hodgkin lymphoma (HL), non-Hodgkin
lymphoma (NHL) and multiple myeloma (MM). When acti-
vated, NF-xB proteins trans-activate target genes encoding
regulators of the cell cycle (eg, cyclin D1 and cyclin D2), anti-
apoptotic genes (eg, Bcl-2 and Bcl-xL), angiogenesis regulators
(eg, VEGF) and drug efflux pumps (MDR1)™.. In Jurkat cells,
NF-kB is highly expressed and may contribute to the overex-
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pression of Bcl-2, which inhibits cell apoptosis. Overexpres-
sion of Bcl-2 could also block DIO-1-induced apoptosis®™.

In normal cells, the balance between NF-kB-regulated cell
proliferation and DIO-1-mediated apoptosis may be a dynamic
equilibrium. However, in some tumor cells, overexpression of
NF-xB will block DIO-1-mediated apoptosis by upregulating
Bcl-2 protein expression. In our experiment, GA downregu-
lated Bcl-2 expression by inhibiting NF-xB and caused DIO-1
upregulation and a change in localization. These results con-
tributed to pro-caspase3 activation and induced Jurkat T cell
apoptosis®™,

Consistent with the results above, we confirmed that GA
could induce apoptosis in Burkitt’s lymphoma Raji cells by
upregulation of DIO-1 and downregulation of NF-xB and
Bcl-xL. Together, these effects contributed to the activation
of caspase-3, leading to Raji cell apoptosis®™. Recently, LU L
et al®™ reported that GA could inhibit the TNF-a-induced
invasion of human prostate cancer PC3 cells by inhibiting the
NF-xB signaling pathway.

Regulation of HERG
Ion channels are membrane proteins that balance the trans-
port of ions through the hydrophobic lipid bilayer of the cell
membrane. Generally speaking, they play an important role
in maintaining normal organism functions, such as regulation
of blood pressure, nerve/muscle excitation, and sperm motil-
ity or capacitation. K" channels are the main determinants of
the resting membrane potential of cells. Studies suggest that
K" channels are important regulators of cell proliferation. The
activation of K* channels is essential for the progression of
cells through the G, phase to the S phase of the cell cycle®™!.
The human eag-related gene (herg), which encodes a
channel contributing to the cardiac repolarizing current I,,
belongs to an evolutionary conserved multigenic family of
voltage-activated K* channels, the eag (ether a-go-go) fam-
ily. Although a tiny current, I, has profound physiological

b7 Mutations of this channel

importance in cardiac rhythm
cause long Q-T syndrome 2, leading to cardiac arrhythmias
and sudden death. The acquisition of functional mutations
in this channel contributes to short Q-T syndrome and sud-
den infant death. Moreover, recent studies demonstrated
that HERG was abundantly expressed in a variety of tumor
cell lines of different histogenesis but absent in the healthy
cells from which the respective tumor cells were derived™.
HERG was not expressed in resting peripheral mononuclear
cells (PBMNCs) obtained from normal donors or CD34" cells
collected from peripheral blood (PBCD34"). However, HERG
was rapidly upregulated in the latter upon induction of pro-
liferation of PBMNCs or PBCD34" by cytokines/growth fac-
tors. This activation is necessary for CFU-GM proliferation in
vitro™.

Various myeloid leukemia cell lines, including K562 and
HL60, express herg and HERG channels. It has been reported
that HERG is expressed in 36/46 (78%) of AML patients exam-
ined, with the highest incidence in the M1 (AML without
maturation), M2 (AML with maturation), M3 (acute promy-



elocytic leukemia) and M4 (acute myelomonocytic leukemia)
groups. In addition, M2 and M4 accounted for the majority
of the AML patients examined®™. Moreover, HERG channel
inhibitors (antiarrhythmic drugs, such as E4031 and Way 123,
398, or CsCl) had the potential to inhibit the proliferation of
FLG 29.1 and K562 cells and primary AML cells derived from
AML patients and arrest them at the G, phase of the cell cycle,
while the same inhibitors were not able to block the prolifera-
tion of cell lines not expressing HERG"",

These studies demonstrated that the HERG channel is an
important regulator of proliferation and a prerequisite for the
G,/S progression of the leukemia cell lines, primary AML,
and PBCD34" cells. HERG was also upregulated in lymphoid
leukemia. The HERG transcript level was not correlated with
the B-cell subset, as it was elevated in both immature neoplas-
tic B-CLL cells (CD5") and a CD5" Burkitt's lymphoma Raji cell
line. However, in Sjogren’s syndrome cells (enriched in CD5"
B-cells) or Epstein-Barr virus-transformed B-cells (CD5" cells),
the HERG expression level was not elevated®. Pillozzi et al'®"}
further revealed that a HERG K* channel, FLT-1 and B, inte-
grin could form a macromolecular signaling complex, which
mostly recruited the HERGI1B isoform of the HERG channel,
and its assembly was necessary for AML cell migration. The
complex was also found in primary AML blasts obtained from
AML patients. The co-expression of FLT-1 and HERG con-
ferred a pro-migratory phenotype to AML blasts. The HERG-
positive blasts were more likely to invade the peripheral
circulation and extramedullary sites after engraftment into
NOD-SCID mice. Furthermore, HERG expression was associ-
ated with a higher probability of relapse and shorter survival
periods in leukemia patients. These data demonstrated that
the HERG channel not only promoted the proliferation of leu-
kemia cells but also conferred a greater abilityto migrate and
invade!®l,

In addition to leukemia cells, the HERG gene and HERG
protein are also expressed in many colon cancer cells, such as
the DLD1, HCTS8, HCT116, and H630 cell lines. In particular,
HCT116 and H630 cells expressed HERG at the highest level,
whereas HCTS cells expressed it at the lowest level. The activ-
ity of the HERG channel regulated the cell invasiveness of
these colon cancer cell lines, and the amount of HERG protein
was correlated with a more invasive phenotype of colon can-
cer cells. Although no expression of the HERG channel has
been detected in normal human colonic mucosa or adenomas,
a high percentage of primary colorectal cancers express
the HERG channel, with a higher incidence in metastatic
cancers'®, which is consistent with the hypothesis above that
high expression of the HERG channel contributed to the inva-
sion and migration of leukemia cells.

From the above studies, it is clear that blocking the HERG
channel will inhibit tumor cell proliferation, invasion and
migration and thus block tumor disease progression and pro-
long the survival time of cancer patients. For example, knock-
ing down HERG gene expression using short hairpin RNA
(shRNA) for the HERG1 and HERG1b isoforms reduced the
growth rate and cell viability of neuroblastoma cells, inhibited
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their colony formation, and restricted them to the G,/G; phase
of the cell cycle. Moreover, treatment with shRNA for HERG
also inhibited tumor cell growth when injected into nude
mice®.,

In our previous study, we first revealed that GA had the
potential ability to downregulate HERG mRNA and protein
expression in chronic myeloid leukemia K562 cells in a dose-
dependent manner. Consistent with the viewpoint that the
HERG channel is an important modulator of the progression
of cells through G, phase to S phase of the cell cycle®™!, K562
cells treated with GA were arrested at G,/ G; phase, while the
rate of S phase cells decreased, which was accompanied by the
downregulation of the HERG channel. As the concentration
of GA increased, the expression of HERG protein in K562 cells
decreased, while the rate of cells in G,/G; phase increases.
These studies implied that GA could arrest K562 cells at the
G/ G; phase of the cell cycle, perhaps by blocking HERG chan-

nel conformation in the tumor cells!®*.

Induction of reactive oxygen species (ROS) and their
accumulation
ROS, a term that describes the superoxide anion, hydroxyl,
peroxyl, alkoxyl and O,-derived non-radical species, such as
hydrogen peroxide, are generally highly reactive and short-
lived®. ROS are mainly produced by mitochondria through
electron leakage form complexes I and III. ROS are also pro-
duced by NAD(P)H oxidases.

Lastly, some metabolic enzymes often create ROS through

[66]

nonspecific reactions As products or by-products of the

process of cell metabolism, ROS can act as either signaling mol-
ecules or cell toxicants depending on their generated site, spa-
tial distribution, pulse concentration and temporal duration®”.
ROS levels are mainly regulated by non-enzymatic antioxi-
dants (eg, glutathione) and antioxidant enzymes (eg, superox-
ide dismutase)®), If the balance between ROS levels and anti-
oxidants tips toward the oxidant side, ROS will accumulate,
which leads to damage to many biomolecules, such as DNA,

69]

protein and lipids'®’. It has been reported that disorders of

ROS are associated with some diseases, including Alzheimer’s

701 However, ROS also con-

[71]

disease and Parkinson’s disease
tribute to the anticancer activity of some chemotherapy

It has been reported that ROS can activate caspases, which
induce apoptosis by cleaving substrates, such as cell cycle-
and DNA repair-related proteins, and the mediators of
apoptosis”. ROS can induce the collapse of the mitochondrial
membrane potential (MMP), leading to the release of factor
cytochrome c¢ from the inner mitochondrial membrane into the
cytosol, which activates the apoptosis executioner caspase-3
through activation of the apoptosis initiator caspase-9!,
Moreover, the release of cytochrome c enhances the accumula-
tion of ROS".,

The structure of GA includes an a,p-unsaturated ketone,
and structure-activity relationship analysis implied that
the a,B-unsaturated ketone present in GA is relevant to its
cytotoxicity”!.
ketones were able to induce apoptosis via the accumulation of

As some drugs that contain unsaturated
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ROS 7, we presumed that GA could also induce apoptosis
in multiple myeloma RPMI8226 cells via ROS generation.

In our study, we found that GA induced RPMI8226 cell
apoptosis and inhibited proliferation in a dose-dependent
manner, and these changes were accompanied by the activa-
tion of caspse-3 and cleavage of PARP-1. At the same time,
the concentration of ROS was also deregulated in RPMI8226
cells treated with GA in a dose-dependent manner. To verify
the hypothesis that ROS accumulation contributes to the
apoptosis caused by GA, the ROS scavenger N-acetylcysteine
(NAC) was used. Strikingly, NAC significantly blocked the
ability of GA to induce RPMI8226 cell apoptosis and alleviated
the accumulation of ROS. The activation of caspase-3 and the
cleavage of PARP1 caused by GA were also inhibited by the
addition of NAC. This result was consistent with reports that
GA could induce apoptosis in human hepatoma SMMC-7721
cells via ROS accumulation'®.

Conclusions

The natural product GA is a promising novel antitumor agent
that acts via various mechanisms in solid tumors and hemato-
logical malignancies. GA can be exploited in different malig-
nancies that are refractory to standard care because it acts
through numerous antitumor mechanisms. GA has the poten-
tial to selectively kill neoplastic cells but spare normal cells!
and is currently in clinical trials in China. In a phase I human
tolerability trial of GA injection, Wang et al reported that the
maximal tolerated dose (MTD) of a single injection was 55
mg/m? and the main dose-limiting toxicities (DLTs) were

liver dysfunction and pain”™.

Another phase 1II clinical trial,
in which all 50 cases were advanced solid tumor patients with
tumors that were not sensitive to conventional chemotherapy,
was conducted. The patients were treated with 45 mg/m?’
GA (qd or qod) five times in a 14-d cycle. After two cycles, 47
cases were eligible for final analysis, and the responses were
PR 3, SD 29, and PD 15", As GA has the potential to induce
apoptosis in various cell lines derived from respective hemato-
logical malignancies, we believe that GA can also be exploited

for curing patients with various hematological malignances.
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