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Abstract
Acute myeloid leukemia (AML) is a malignancy without effective treatment for most patients.
Here we demonstrate that combinations of the dietary plant polyphenols curcumin and carnosic
acid, at non-cytotoxic concentrations of each agent, produced a synergistic antiproliferative effect
and a massive apoptotic cell death in HL-60 and KG-1a human AML cells. In contrast,
combinations of curcumin and another plant polyphenol silibinin had a predominantly additive
cytostatic effect, without pronounced cytotoxicity. Neither polyphenol combination affected
viability of normal human fibroblasts or proliferating and non-proliferating blood cells. Early
stage of curcumin/carnosic acid-induced apoptosis was associated with cleavage (activation) of
caspases-8, -9, and -3 and the proapoptotic protein Bid, but not with oxidative stress or altered
levels of other Bcl-2 family proteins (Bcl-2, Bcl-xL, Mcl-1, Bax and Bak). Inhibitors of caspase-8
and -9 markedly attenuated apoptosis, indicating the involvement of both extrinsic and intrinsic
apoptotic pathways. Caspase-8 inhibition abrogated Bid cleavage and strongly reduced caspase-9
activation, suggesting that the cross-talk mechanism mediated by caspase-8-dependent Bid
cleavage can contribute to the activation of the intrinsic apoptotic pathway by CUR+CA.
Collectively, these results suggest a mechanistic basis for the potential use of dietary plant
polyphenol combinations in the treatment and prevention of AML.
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INTRODUCTION
Acute myeloid leukemia (AML) is a hematological malignancy that results from
transformation of multipotent hematopoietic progenitors and leads to accumulation of
immature myeloid cells in the bone marrow. The mainstream approach for AML treatment
is intensive combination chemotherapy with cytosine arabinoside (Ara-C) and
anthracyclines such as doxorubicin or idarubicin (1). However, despite initial responses to
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chemotherapy, prognosis is poor for the majority of AML patients due to primary resistance
and frequent relapse. Furthermore, standard treatment is highly toxic and poorly tolerated,
particularly by older patients. Thus, the development of novel therapeutic agents and
protocols is in an urgent need for improving outcomes in patients with AML.

Accumulating evidence has demonstrated the chemopreventive and potential therapeutic
activity of plant polyphenolic antioxidants in various preclinical models of human
malignancies, including those of AML [reviewed in (2)]. Particularly, curcumin (CUR), the
principal curcuminoid found in the Indian spice turmeric (Fig. 1), has been shown to inhibit
proliferation and induce apoptosis in different types of solid tumor and leukemia cell lines,
and to suppress tumor development in animal models of cancer [e.g. refs. (3,4); see also (5)
for a recent review]. Importantly, CUR is capable of radiosensitizing tumor cells and
potentiating the action of chemotherapeutic agents, such as gemcitabine (4) and celecoxib
(6), in both cell lines and animal models. Recent studies have shown that different
phytochemicals can also cooperate with one another to produce synergistic antiproliferative
and cytotoxic effects [reviewed in (7)]. For instance, curcumin has been found to synergize
with epigallocatechin-3-gallate in human breast cancer cells (8) and with phenethyl
isothiocyanate in human prostate cancer cells (9), in vitro and in vivo. While being
extensively studied in solid tumor cell lines, such potentially beneficial phytochemical
combinations have not yet been explored in AML models.

In this study we investigated the combinatorial effects of CUR and two other plant
polyphenols: silibinin (SIL), the flavonolignan found in milk thistle, and carnosic acid (CA),
the polyphenolic diterpene derived from rosemary (Fig. 1), on proliferation and viability of
two human AML cell lines, HL-60 and KG-1a. A number of studies have documented
potent anticancer activity of SIL, alone and in combination with cytotoxic drugs, in various
cell and animal models [e.g., refs. (10,11); also reviewed in (12)]. CA is well known as one
of the most effective plant antioxidants and possesses chemopreventive activity (13-15).
Although its effects on cell proliferation and death remain to be characterized in detail, we
have previously shown that CA as well as both CUR and SIL synergistically potentiate the
differentiation effect of low, near physiologic concentrations of the active hormonal form of
vitamin D3, (1α,25-dihydroxyvitamin D3) in human and murine leukemia cells via activation
of molecular events consistent with monocytic differentiation (16-19). Furthermore, we have
demonstrated that CA-rich rosemary extract and low-calcemic vitamin D3 analogs
synergistically cooperate in the in vivo antileukemic effect in murine AML models (20,21).

Here we show that combined treatment of AML cells with CUR and CA at low micromolar
concentrations results in a pronounced, synergistic inhibition of proliferation concomitant
with an induction of massive cell death via activation of both extrinsic and intrinsic
apoptotic pathways. Surprisingly, while SIL alone strongly inhibited cell growth, it did not
significantly synergize with CUR in this effect or promote cell death. Importantly, neither
CUR/CA nor CUR/SIL combinations at the dose ratios tested here affected the viability of
normal human cells. These data indicate that diverse combinations of plant polyphenols
differentially regulate cell entry to pathways which lead to apoptosis versus proliferation
arrest, and that some of these combinations may have therapeutic potential for the selective
targeting of leukemia cells.

MATERIALS AND METHODS
Materials

CUR was from Cayman Chemicals (Michigan, MI). CA was purchased from Alexis
Biochemicals (Läufenfingen, Switzerland). SIL, Ara-C, 2’,7’-dichlorfluorescein-diacetate
(DCFH-DA), propidium iodide (PI), were from Sigma (Rehovot, Israel). Inhibitors of
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caspase-8 (Z-IETD-fmk) and caspase-9 (Z-LEHD-fmk) were purchased from MBL
(Nagoya, Japan). Thymidine, [methyl-3H] (6.7 Ci/mmol) was obtained from PerkinElmer
(Boston, MA). RPMI 1640 medium and Dulbecco's modified Eagle's medium (DMEM)
were purchased from Biological Industries (Beth Haemek, Israel). Fetal bovine serum (FBS)
was from Gibco-Invitrogen (Carlsbad, CA). The following primary antibodies were used:
caspase-9 (#9502) and caspase-8 (1C12) from Cell Signaling Technology (Beverly, MA);
PARP (SA253) from BioMol (Plymouth Meeting, PA); caspase-3 (H-277), Bcl-2 (100),
BCL-xL (N-20), Mcl-1 (S-19), Bax (N-20), Bak (G-23) and Bid (C-20) from Santa Cruz
Biotechnology (Santa Cruz, CA); calreticulin (PA3-900) from Affinity BioReagents
(Golden, CO). Stock solutions of CUR (20 mM) and SIL (120 mM) were prepared in
DMSO. CA (10 mM) was dissolved in absolute ethanol.

Cell Culture
HL-60 myeloblastic leukemia cells (ATCC-CCL-240) were obtained from Dr. R. Levy
(Ben-Gurion University, Beer Sheva, Israel). KG-1a promyeloblastic leukemia cells
(ATCC-CCL-246.1) were obtained from Dr. E. Fibach (Hadassah University Hospital,
Jerusalem, Israel). Human peripheral blood mononuclear cells (PBMC) were obtained from
healthy donors after obtaining informed consent (Ben Gurion University IRB protocol
#3587). Cultured normal human skin fibroblasts (HSF) were obtained for Dr. Nilli
Grossmann (Soroka Medical Center, Beer Sheva, Israel). Cells were grown in RPMI 1640
medium (HL-60, KG-1a and PBMC) or DMEM (HSF) supplemented with 10% FBS,
penicillin (100 U/ml), streptomycin (0.1 mg/ml), and 10 mM Hepes (pH=7.4) in a
humidified atmosphere of 95% air and 5% CO2, at 37°C.

Cell treatment protocol, and proliferation and cytotoxicity assays
KG-1a or HL60 cells were plated at 4-8 × 104 cells/ml in 2 ml of complete growth medium
in 24-well plates and incubated with different concentrations of CUR, CA and SIL alone or
in combination, for various periods of time. Controls cells were treated with vehicle (≤0.2%
DMSO, ≤0.2% ethanol or ≤0.1% DMSO + ≤0.1% ethanol depending on the treatment).
These concentrations of solvents in culture media did not significantly affect the parameters
tested. Cell numbers and viability were then estimated on the basis of trypan blue exclusion
by counting in Vi-Cell™ XR cell viability analyzer (Beckman Coulter Inc., Fullerton, CA).
PBMC proliferation was determined by the standard 3H-thymidine incorporation assay
(22,23). Briefly, cells were treated in 96-well plates (105 cells/well) with either ethanol and/
or DMSO vehicle (control) or CUR, CA and SIL, alone and in combination, in the presence
of 35 μg/ml phytohemagglutinin (PHA), for 54 h. Negative control cells were incubated
with vehicle in the absence of PHA. Subsequently, 3H-thymidine (1 μCi) was added to each
well followed by additional 18-h incubation. The cells were then harvested on glass-fiber
filters using a cell harvester (Inotech, Basel, Switzerland). Radioactivity on the filters was
measured by liquid scintillation counting.

Analysis of apoptosis and necrosis
Acridine orange and ethidium bromide staining—Cells (1 × 106) were collected by
centrifugation and doubly stained with 14 μg/ml acridine orange and 14 μg/ml ethidium
bromide, as described previously (24). Nuclear morphology of stained cells was examined
by fluorescent microscopy at a magnification of 400x.

Annexin V and propidium iodide staining—Cells were stained using MEBCYTO®
Apoptosis Kit (MBL) according to manufacturer's recommended protocol. Briefly, 2 × 105

cells were harvested, washed once with PBS and resuspended in 80 μl of binding buffer. Ten
microliters of annexin VFITC and 5 μl of PI (100 μg/ml) were then added, and cells were
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incubated at room temperature for 15 min in the dark. Then 400 μl of binding buffer was
added and the stained cells were analyzed in Cytomics FC500 flow cytometer equipped with
CXP software (Beckman Coulter, Miami, FL). For each analysis 10,000 events were
recorded.

Cell cycle analysis
Cells (1 × 106) were washed twice with ice-cold PBS and fixed in 75% ethanol at −20°C for
at least 24 h. Cell were then washed twice with PBS, and incubated in 1 ml of PBS
containing 0.1% Triton X-100 and 50 μg of RNAse (Sigma) at room temperature for 30 min.
PI (10 μg/ml) was then added for 20 min and the cells were analyzed in a Cytomics FC500
flow cytometer. For each analysis 10,000 events were recorded. Cell cycle distribution was
determined by MultiCycle DNA Content and Cell Cycle Analysis Software (Phoenix Flow
Systems, Inc., San Diego, CA

Determination of intracellular levels of reactive oxygen species
The intracellular ROS levels were determined as described previously (16,20) using the
oxidation-sensitive fluorescent probe DCFH-DA. Intracellular peroxides oxidize this probe
to a highly fluorescent compound DCF. Cells (5 × 105) were harvested, washed with
HEPES-buffered HBSS and loaded with 5 μM DCFH-DA, for 15 min at 37°C in a shaking
water bath. The green fluorescence intensity was then analyzed in a Cytomics FC500 flow
cytometer. For each analysis 10,000 events were recorded.

Assay for glutathione
Cells (1.5 × 106) were washed with ice-cold PBS, and resuspended in 200 μl of 5% 5-
sulfosalicylic acid. After 15 min on ice with intermittent vortexing, the suspension was
centrifuged at 16,000 × g for 5 min to remove protein precipitates. Total glutathione was
determined in the supernatants by the glutathione reductase recycling assay as described
previously (16,20).

Preparation of whole cell extracts and Western blot analysis
Whole cell extracts were prepared, as described previously (17). Briefly, cells were lysed in
ice-cold lysis buffer containing 50 mM, HEPES (pH 7.5), 150 mM NaCl, 10% (v/v)
glycerol, 1% (v/v) Triton X-100, 1.5 mM EGTA, 2 mM sodium orthovanadate, 20 mM
sodium pyrophosphate, 50 mM NaF, 1 mM DTT and 1:50 Complete™ protease-inhibitors
cocktail (Roche Molecular Biochemicals, Mannheim, Germany) and centrifuged at 20,000 ×
g, 10 min, 4°C. Supernatant samples (30 μg protein) were subjected to SDS-PAGE and then
electroblotted into nitrocellulose membrane (Whatman, Dassel, Germany). The membranes
were blocked with 5% milk for 2 h and incubated with primary antibodies overnight at 4°C
followed by incubation with HRP-conjugated secondary antibodies (Promega, Madison, WI)
for 2 h. The protein bands were visualized using the Western Lightning™
Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Inc., Boston, MA). The blots
were stripped and reprobed for the constitutively present protein, calreticulin, which served
as the loading control. The optical density (OD) of each band was quantitated using an
ImageMaster VDS-CL imaging system (Amersham Parmacia Biotech, Piscataway, NJ).

Statistical analysis
Experiments were repeated at least three times. The IC50 values for antiproliferative effects
of polyphenols were obtained by nonlinear regression analysis using the various slope
algorithm. The interaction of CUR with CA or SIL was assessed by the combination index
(CI) analysis using Calcusyn software (Biosoft Inc., Cambridge, U.K.) The CI values were
calculated on the basis of the levels of growth inhibition (fraction affected) by each agent
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individually and combination at non-constant ratios. CI values of <1, 1, and >1 show
synergism, additivity and antagonism, respectively. Statistically significant differences
between treatments were estimated by unpaired, two-tailed Student's t-test or one-way
ANOVA with Tukey multiple comparison post-hoc analysis (for the data shown in Fig. 4B).
P < 0.05 was considered statistically significant.

RESULTS
Antiproliferative and cytotoxic effects of curcumin, carnosic acid and silibinin, alone and
in combination

To determine whether CUR cooperates with CA and SIL in the in vitro antileukemic effects,
exponentially growing HL-60 and KG-1a cells were incubated for 72 h with increasing
concentrations of CUR in the absence or presence of relatively low concentrations of CA
(10 μM) or SIL (30 μM), which alone did not significantly affect cell viability (Fig. 2A, D).
Conversely, cells were treated with increasing doses of either CA (Fig. 2B, E) or SIL (Fig.
2C, F) alone and together with a single noncytotoxic concentration of CUR (5 μM).

As measured by the trypan blue exclusion assay, CUR, CA and SIL alone reduced both the
cell number (Fig. 2A, B, C) and viability (Fig. 2D, E, F) in a dose-dependent manner. The
two cell lines demonstrated a similar sensitivity to the antiproliferative effects of CUR (Fig.
2A) and SIL (Fig. 2C), whereas HL-60 cells had moderately higher sensitivity to CA (Fig.
2B). For both cell lines, the order of potencies was CUR > CA > SIL (see Table 1 for IC50
values). Similar differences in susceptibility of HL-60 and KG-1a cells to the cytotoxic
effects of these polyphenols were observed (Fig. 2D, E, F). Generally, for all the compounds
tested, a marked antiproliferative effect already occurred at doses which only slightly
affected cell viability. For example, in HL-60 cells, 10 μM CUR, 20 μM CA and 90 μM
SIL, decreased the cell numbers by about 63%, 76% and 73%, respectively; whereas the
viability was reduced by only about 12%, 15% and 9%, respectively (Fig. 2; compare panels
A & D, B & E, and C & F).

Strikingly, in both cell lines, combinations of CUR and CA at low micromolar
concentrations, which alone did not significantly affect cell viability, induced a dramatic
cooperative decrease in cell numbers (Fig. 2A, B) concomitant with a massive cell death
(Fig. 2D & E). This resulted in an almost total cell loss at 2.5-5.0 μM CUR combined with
2.5-10.0 μM CA following 72 h incubations. As shown in Table 1, the addition of 10 μM
CA to increasing concentrations of CUR (row 1) or 5 μM CUR to increasing concentrations
of CA (row 2) caused 4-5 fold and 20-30 fold reduction in the IC50 values for the
antiproliferative effects of CUR and CA alone, respectively. In contrast, although CUR and
SIL alone exerted strong dose-dependent antiproliferative effects (Fig. 2A, C), these two
agents did not particularly cooperate in growth arrest (Fig. 2A, C) with only a modest
decrease in the IC50 values for CUR in the presence of 30 μM SIL (1.3-1.5 fold; Table 1,
row 1) or for SIL in the presence of 5 μM CUR (1.7-2.0 fold; Table 1, row 3). Interestingly,
despite strong antiproliferative effects of CUR/SIL combinations, only a mild reduction in
cell viability was detected, mainly at higher concentrations of each agent (Fig. 2D, F).
Detailed assessment of the growth inhibition data for both KG-1a and HL-60 cells using
combination index analysis revealed a clear synergistic interaction between CUR and CA
(CI<1) at all the concentration ratios tested, which was particularly strong (CI = 0.17-0.38)
at 5 μM CUR combined with 10 μM CA. On the other hand, CUR/SIL combinations
showed only mildly synergistic (CI≤1) or antagonistic (CI≥1) antiproliferative effects (Fig.
3).

Importantly, the viability of normal human skin fibroblasts or unstimulated PBMC
(containing approximately 80% lymphocytes and 20% monocytes) was not significantly
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affected for 24-72 h treatment with the combination of 5 μM CUR and 10 μM CA (Fig. 4A),
which was highly cytotoxic for both HL-60 (Figs. 2D and 4A) and KG-1a cells (Fig. 2D). A
similar lack of cytotoxicity for these normal cells was observed following treatment with 5
μM CUR combined with up to 60 μM SIL (Fig. 4A). Likewise, neither of the polyphenols
tested here, alone or in combination, affected the viability of PBMC incubated for 72 h in
the presence phytohemagglutinin (PHA), the classical T-lymphocyte mitogen (25), as
compared to the PHA-treated control cells (Fig. 4B, upper panel). PHA-stimulated
proliferation of PBMC, as measured by the 3H-tymidine incorporation assay, was not
significantly affected by CUR or CA alone while their combination produced only a small (~
25%; P < 0.01) inhibitory effect (Fig. 4B, lower panel), which is in a striking contrast to the
virtually complete inhibition of HL60 and KG-1a cell growth by this combination observed
after a 72-h incubation (see Fig. 2A, B). On the other hand, treatment with SIL resulted in a
marked, dose-dependent decrease in PBMC proliferation (P < 0.001) and, when
administered at the higher concentration (60 μM), SIL cooperated with CUR to produce an
enhanced inhibitory effect (Fig. 4B, lower panel; P < 0.01). The ability of SIL and its crude
preparation, silymarin, to inhibit T-lymphocyte proliferation has been well documented
[e.g., (26,27)], which is consistent with the known anti-inflammatory and
immunomodulatory activity of these and other phytochemicals (28-30). Due to their
antitoxic effects, SIL preparations have been used in the clinic for the treatment of liver
diseases (31,32).

Induction of apoptosis by polyphenol combinations
To elucidate the mode of the pronounced cytotoxicity of CUR/CA combinations we
determined several well-defined markers of apoptotic and necrotic death in HL-60 and
KG-1a cells. Using annexin-V/PI staining, we found that treatment of HL-60 cells for 18 h
with 5 μM CUR plus 10 μM CA, but not with either agent alone, resulted in a marked
increase in the percentage of annexin-V-stained/PI-negative (early apoptotic) cells,
compared to untreated control (Fig. 5A). No noticeable elevation of annexin-V/PI-double
positive (late apoptotic/necrotic) cell population was detected, in contrast to that seen in
cells treated with the positive controls: Ara-C (10 μM) or, particularly, a high CA dose (100
μM). Consistent with the cell viability data (Fig. 2F), treatment with 5 μM CUR combined
with 60 μM SIL resulted in a much less pronounced increase in annexin-V binding (Fig. 5A)
than that detected in CUR/CA-treated cells (7.4±0.8 vs. 34.8±3.5; P = 0.0167).

In support of the above findings, treatment with 5 μM CUR plus 10 μM CA, but not with
single agents, for 8 h or 24 h resulted in marked cleavage of the intact PARP polypeptide
(116 kDa), one of the early events in apoptosis induction, yielding a signature 85 kDa
fragment (Fig. 5B) whereas a much less pronounced effect was observed after combined
treatment with 5 μM CUR and 60 μM SIL (Fig. 5B, compare lanes 4 & 10 to lanes 6 & 12).
Fluorescent microscopic examination of nuclear morphology in acridine orange/ethidium
bromide-stained HL-60 cells demonstrated that, similar to 10 μM Ara-C, the combined but
not single treatment with CUR and CA for 16 h induced a characteristic chromatin
condensation, nuclear shrinkage and the presence of apoptotic bodies, as seen by the green
fluorescence of acridine orange (Fig. 6A). In contrast to the cells treated with a higher dose
of Ara-C (20 μM, 24 h), orange-red ethidium bromide-stained nuclei (typical for late
apoptosis/necrosis when the cell membrane is damaged) were not detected in CUR/CA-
treated cells (Fig. 6A). CUR/CA treatment also resulted in a time-dependent increase in the
percentage of sub-G1 (apoptotic) cell population (data not shown). To determine whether
the induction of apoptosis by CUR/CA is dose-dependent, PARP cleavage was examined in
both HL-60 and KG-1a cells following 24 h incubation with increasing concentrations of
each agent, alone and in combination. As shown in Fig. 6B, the appearance of an 85-kDa
cleavage product was detectable at the combination of 2.5 μM CUR and 5.0 μM CA and
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increased with the dose of combined agents, concomitant with a gradual disappearance of
the intact 116-kDa polypeptide. Single compounds were without effect. Taken together,
these results indicate that the early time-and dose-dependent induction of programmed cell
death, and not a nonspecific cytotoxicity, is a primary cause for CUR/CA-induced cell
death.

The cytotoxic curcumin/carnosic acid combination does not induce oxidative stress
To elucidate the mode of CUR/CA-induced apoptosis we first determined whether this
combination induced oxidative stress in leukemic cells. Apoptosis induction by various
agents, including higher concentrations (25-50 μM) of CUR, in different cancer cell types
has been frequently associated with generation of ROS (33,34). However, we did not
observe a significant elevation of the intracellular ROS levels in leukemia cells treated with
5 μM CUR and 10 μM CA, alone or in combination (Fig. 7A), at the time points both
preceding (2 h) and paralleling (4-8 h; see Figs. 5B and 8) the appearance of appreciable
apoptotic changes. On the contrary, ROS levels significantly (P = 0.048) decreased
following 8-h incubation with the CUR/CA combination (Fig. 7A) compared to untreated
control cells, indicative of the antioxidant effect. Furthermore, there was a small but
significant elevation of the total content of glutathione, the major intracellular antioxidant, in
cells treated with CUR plus CA for 4 h (Fig. 7B). Interestingly, after 8 h, while CUR and
CA alone markedly increased glutathione levels, the combination had a milder, but still
significant (P = 0.039) positive effect (Fig. 7B).

Apoptosis induced by the curcumin/carnosic acid combination is associated with
activation of caspases

CUR/CAR-induced apoptosis in HL-60 cells was accompanied by a time-dependent
activation of upstream initiator caspase-8 and caspase-9, mainly involved in death receptor-
mediated (extrinsic) and mitochondria-mediated (intrinsic) apoptosis, respectively (35). This
was manifested by both a decrease in the amount of full-length procaspases and generation
of specific polypeptide fragments (Fig. 8). Likewise, a time-dependent processing of a
downstream effector procaspase-3 was detected, accompanied with generation of an 85-kDa
fragment of PARP, the known caspase-3 substrate (Fig. 8). Similar results were obtained in
KG-1a cells (data not shown).

Effects of the curcumin/carnosic acid combination on the levels of Bcl-2 family proteins
Bcl-2 family proteins are known to play key roles in mitochondria-mediated cell death and
to contribute to cross-talk between the extrinsic and intrinsic apoptotic pathways (35). We,
thus, determined whether CUR and CA alone or together affected the expression of several
Bcl-2 family members in HL-60 and KG-1a cells. As shown in Fig. 9A, the levels of
antiapoptotic proteins Bcl-2, Bcl-xL, and Mcl-1 and those of proapoptotic proteins Bax and
Bak were not altered noticeably in the early stages of CUR+CA-induced apoptosis (4-8 h).
On the other hand, we observed a relatively rapid decrease in the intact BH3-only protein
Bid, the known caspase-8 substrate, whose cleaved form can mediate the link between
caspase-8 and -9 activation (36). Reduction in Bid levels was clearly seen at 6-8 h in HL-60
cells and at 8 h in KG-1a cells (Fig. 9B). Longer incubation with CUR+CA (24 h), when
more massive cleavage of caspases and PARP was apparent (see Fig. 8), did not result in
detectable changes in Bcl-2 and Bcl-xL expression (Fig. 9A). On the other hand, the levels
of Mcl-1 (Fig. 9A) and Bid (Fig. 9B) were strongly reduced, virtually completely in KG-1a
cells. Surprisingly, a similar decrease was evident for Bax and, to a lesser extent, Bak (Fig.
9A). Single agents were without effect at any time point tested.
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Involvement of caspase-8 and caspase-9 in the apoptotic effect of the curcumin/carnosic
acid combination

To explore the role of caspase-8 and-9 activation in CUR/CA-induced apoptosis, KG-1a
cells were preincubated for 2 h with a specific cell-permeable inhibitor of caspase-8 (Z-
IETD-fmk) or of caspase-9 (Z-LEHD-fmk) followed by treatment with CUR and CA, alone
and in combination, for 24 h. As shown in Fig. 10A, the combination induced apoptosis in
~90% cells (the sum of early and late apoptotic populations), as determined by annexin-V/PI
staining. The polyphenols alone were without effect (data not shown). Pretreatment with
either Z-IETD-fmk or Z-LEHD-fmk caused a marked decrease (by about 65%) in the total
percentage of apoptotic cells (Fig. 10A, lower panels). These results suggest that both the
extrinsic and intrinsic apoptotic pathways are involved in cell death induced by the CUR/CA
combination.

Since of all the Bcl-2 proteins tested here only Bid levels changed noticeably in the early
stages of CUR/CA-induced apoptosis (Fig. 9B), we attempted to test, using Z-IETD-fmk,
whether CUR/CA-induced activation of caspase-8 may contribute to caspase-9 activation
via Bid cleavage and generation of its active truncated form (tBid). To this end, KG-1a cells
were treated with the CUR/CA combination for 8 h after pretreatment with vehicle or 50 μM
Z-IETD-fmk, followed by Western blot analysis of caspase-8, Bid, caspase-9 and caspase-3
processing. CUR and CA alone were used to ascertain the specific apoptotic effect of their
combination. As shown in Fig. 10B, Z-IETD-fmk completely inhibited CUR/CA-induced
caspase-8 cleavage concomitant with the abrogation of tBid generation. Interestingly, these
inhibitory events were associated with a marked suppression of the mitochondrial caspase-9
cleavage (Fig. 10B). These data indicate that CUR/CA-induced activation of caspase-9 (Figs
8 and 10B) may result, in part, from caspase-8-mediated generation of tBid, which is known
to promote the intrinsic apoptotic pathway (36). Caspase-3 cleavage was also strongly
suppressed in Z-IETD-fmk-treated cells (Fig. 10B), which could result from inhibition of
both upstream initiator caspases.

Taken together, the above results provide an initial insight into the molecular mechanism of
CUR/CA-induced cell death in AML cell lines, schematically illustrated in Fig. 10C and
discussed in more detail below, which involves the activation of both the extrinsic and
intrinsic apoptotic pathways.

DISCUSSION
In this study we characterized the antiproliferative and apoptotic effects of CUR, SIL and
CA alone and in combinations in human AML cell lines. Although all three polyphenols
alone were capable of markedly suppressing cell growth, the antiproliferative effect of CUR
and CA, unlike that of SIL, was accompanied by substantial time- and dose-dependent
cytotoxicity. The apparent lack of SIL cytotoxicity in HL-60 and KG-1a cells at
concentrations up to 90 μM, also noted in other cancer cell lines, e.g. LNCaP prostate cancer
cells (37), was probably one of the major factors determining a marked difference between
CUR/SIL and CUR/CA combinations in their ability to induce cell death. Remarkably,
substantial growth arrest and cell death evoked by CA and CUR was already evident at
concentrations as low as 2.5-5.0 μM which, when applied singly, had no effect on cell
viability and any of the specific apoptotic parameters tested, demonstrating clear synergistic
interaction between the two agents. However, surprisingly, only a weak cooperation was
observed between CUR and SIL over a range of concentrations. The reason for such distinct
behavior of CUR combinations with two different polyphenols might reside in the structural
features of the latter, and remains to be clarified. Other studies also showed that various
phytochemicals can cooperate in antiproliferative and cytotoxic effects in cancer cells
(reviewed in (7)). For instance, combinations of resveratrol and ellagic acid or quercetin (38)
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as well as of curcumin and epigallocatechin gallate (39) induced enhanced growth arrest and
apoptosis in lymphocytic leukemia cells. Similar effects were reported for curcumin and
isoflavone in pancreatic cancer cells (40).

Analysis of different cell death parameters strongly suggests that the primary cause for the
cooperative cytotoxicity of CUR, CA and SIL, particularly that induced by CUR/CA, is a
rapid induction of caspase-dependent apoptosis, and not necrotic cell death. Attempts to
elucidate the mode of CUR/CA-induced apoptosis demonstrated rapid processing of the two
major initiator caspases (-8 and -9), concomitant with the effector caspase-3 cleavage. Given
the fact that apoptosis was markedly reduced by both caspase-8 and caspase-9 inhibitors,
these results imply the involvement of both extrinsic and intrinsic apoptotic pathways which
can converge at caspase-3 activation leading to apoptotic cell death (see scheme in Fig.
10C). It remains unclear whether the two pathways are independently activated by the CUR/
CA combination. This possibility is supported by the fact that despite the complete
inhibition of caspase-8 processing by Z-IETD-fmk there still remained detectable amounts
of cleaved mitochondrial caspase-9 and effector caspase-3 forms (Fig. 10B), concomitant
with the residual fraction of cells (~30%) that undergo apoptosis (Fig. 10A). On the other
hand, an incomplete suppression of apoptosis by the caspase-9 inhibitor (Z-LEHD-fmk) may
indicate that the extrinsic pathway may operate in CUR/CA-treated cells without the
mitochondrial involvement. Our data suggest that the mitochondrial caspase-9 activation by
CUR/CA may also be induced via the cross-talk mechanism mediated by the caspase-8-
dependent formation of tBid, which can trigger the mitochondrial pathway by promoting
oligomerization of Bax and Bak (41). Therefore, Bid cleavage in CUR/CA-treated cells may
explain, at least in part, caspase-9 activation observed in the absence of changes in the
expression levels of other Bcl-2 family proteins.

The exact molecular mechanism thereby apoptotic pathways are triggered by the CUR/CA
combination remains to be elucidated. In some aspects, the combination effect appears to be
similar to that of higher dose CUR alone (25-50 μM), which has been shown to induce
substantial apoptotic death in HL60 cells through both death receptor-independent activation
of caspase-8 (3) and the mitochondia-mediated intrinsic pathway (42). However, our data
also indicate the existence of certain differences between the modes of CUR/CA and high
dose CUR action. First, there was no indication of oxidative stress in CUR/CA-treated cells
that could cause primary mitochondrial damage, thus inducing the intrinsic pathway,
whereas several studies demonstrated association of CUR-induced apoptosis with oxidative
stress (33,34). Second, early activation of mitochondrial caspase-9 in our experiments was
not accompanied by detectable changes in the expression of either antiapoptotic (Bcl-2, Bcl-
xL and Mcl-1) or proapoptotic (Bax and Bak) proteins. However, high dose CUR-induced
apoptosis was reported to be associated with downregulation of Bcl-2 and Bcl-xL and
elevation of Bax (33,42).

So far little is known about the ability of CA alone to affect cell viability. At concentrations
of 10-20 μM this polyphenol has been found to induce only minor apoptosis in HL-60 cells
(43). However, in HepG2 hepatocarcinoma cells (15) and SN4741 neuronal cells (44) CA
exhibited rather protective effects against cell death. Therefore, it is currently unclear how
exactly CUR and CA synergize in induction of apoptosis in AML cells. One possible cause
for mutual enhancement between the polyphenols studied here may be chemical stabilization
of one of the components of a combination by the other, or mutual stabilization due to
antioxidant properties of plant polyphenols (45). Furthermore, one compound may facilitate
intracellular accumulation of the other through inhibition of cellular mechanisms responsible
for drug efflux (multidrug resistance systems). For instance, green tea polyphenols (46) and
curcumin metabolite tetrahydrocurcumin (47) inhibited P-glycoprotein and other multidrug
transporters. In addition, individual phytochemicals may exert their effects by different
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biochemical mechanisms, thus, affecting distinct cellular signaling and survival pathways,
which would then converge on a common target, e.g. activation of caspases.

CUR, rosemary polyphenols, and SIL have been widely shown to have significant potential
as chemoprevention and therapeutic agents in various models of cancer (2,5,12).
Furthermore, data from recent clinical studies suggest that CUR and SIL can be safely
administered in humans at pharmacologically relevant doses due to the low systemic toxicity
of these agents (48,49). Despite their low bioavailability, the peak levels of CUR and SIL in
human plasma could still reach 0.5–2 μM (48) and up to 70 μM (49), respectively, upon oral
consumption of high doses. The bioavailability of CA in humans has not yet been
established, whereas a pharmacokinetic study in SD rats administered intragastrically with
90 mg/kg CA demonstrated a high peak plasma concentration of the polyphenol (~100 μM)
which slowly declined with time remaining at the level of ~30 μM for at least 24 h (50).
Here we show that distinct combinations containing potentially bioavailable concentrations
of CUR, CA and SIL were selectively toxic or growth inhibitory to human AML cells,
without cytotoxicity to normal blood cells or fibroblasts. These findings warrant further
exploration of the polyphenol-based combinatorial approach for the treatment of AML.
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Fig. 1. Chemical structures of polyphenols used in this study
Curcumin (CUR), a curcuminoid found in turmeric (Curcuma longa); carnosic acid (CA), a
diterpene derived from rosemary (Rosmarinus officinalis) silibinin (SIL), a flavonolignan
found in milk thistle (Silibum marianum).
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Fig. 2. Effects of curcumin (CUR), carnosic acid (CA), silibinin (SIL) and their combinations on
cell growth (A-C) and viability (D-F) in HL-60 and KG-1a cells
Exponentially growing cells were treated for 72 h with increasing concentrations of CUR
alone or in combination with 10 μM CA or 30 µM SIL (A, D); CA alone or in combination
with 5 μM CUR (B, E); and SIL alone or in combination with 5 μM CUR (C, F). Cell
growth and viability were determined by the trypan blue exclusion assay. At the end of
incubation, the number of untreated control HL-60 and KG-1a cells increased from
80,000±3,500 to 680,000±37,000 cells/ml and from 80,000±4,500 to 760,000±38,000 cells/
ml, respectively. Reported values are the means ± SE (n=3).
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Fig. 3. Combinations of CUR and CA or SIL show differential cooperation patterns in growth
inhibition
Combination index (CI) analysis of cell growth inhibition in HL-60 and KG-1a cells
following treatment for 72 h with various CUR/CA and CUR/SIL combinations, based on
the data presented in Fig. 2A, B, C. The CI values are plotted against the levels of growth
inhibition (fraction affected). Dotted line designates CI=1. CI values of <1, 1, and >1 show
synergism, additivity and antagonism, respectively.
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Fig. 4. Combinations of CUR and CA or SIL do not reduce the viability of normal human cells
and differentially affect proliferation of phytohemagglutinin-stimulated human PBMC
A: Time-dependent changes in the viability of PBMC (peripheral blood mononuclear cells)
and HSF (human skin fibroblasts) vs. HL-60 cells. Cells were incubated for 24-72 h with the
indicated combinations of CUR and CA or CUR and SIL followed by the trypan blue
exclusion assay. Reported values are the means ± SE (n=3). *, P = 0.047; §, P = 0.016; #, P <
0.0001. B: PBMC were incubated in 96-well plates (105 cells/well) with the indicated agents
in the presence or absence 35 μg/ml PHA, for 72 h. Cell viability (upper panel) and
proliferation (lower panel) were then determined by the trypan blue exclusion assay and 3H-
thymidine incorporation assay, respectively, as described in the Materials and Methods.
Reported values are the means ± SD of two independent experiments performed in
sextuplicate. **, P < 0.01 and ***, P < 0.001, significant differences as compared to PHA-
treated control cells; ‡, P < 0.01, significant difference between samples treated with 60 μM
SIL alone and its combination with 5 μM CUR.
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Fig. 5. Comparison of the effects of CUR/CA and CUR/SIL combinations on the induction of
apoptosis in HL-60 cells
A: Annexin-V binding assay. Cells were treated with the indicated polyphenols alone or in
combination for 16 h followed by staining with FITC-conjugated annexin-V antibody and PI
and flow cytometric analysis. Cells treated for 24 h with 10 μM Ara-C or 100 μM CA were
used as the positive controls. B: Western blot analysis of PARP cleavage. Cells were treated
with the indicated concentrations of polyphenols or Ara-C for 8 h and 24 h. Whole cell
extracts were subjected to SDS-PAGE and immunoblotting. Representative data from 3
independent experiments are shown.
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Fig. 6. Analysis of the apoptosis-inducing effect of the CUR/CA combination in HL-60 cells
A: Demonstration of changes in nuclear morphology. Cells were treated with the indicated
concentrations of CUR and CA, alone and in combination for 24 h followed by staining with
acridine orange (green fluorescence) and ethidium bromide (red fluorescence). Stained cells
were examined under fluorescence microscopy at 400x magnification. Cells treated with 10
μM or 20 μM Ara-C, for 24 h were used as the positive controls. Arrows indicate small cells
with shrunken and fragmented nuclei. Cells treated with 20 μM Ara-C display ethidium
bromide staining of damaged nuclei. B: Western blot analysis of dose-dependent PARP
cleavage. Cells were treated with the indicated concentrations of CUR and/or CA for 24 h.
Ara-C (10 μM) was used as the positive control. Representative data from 3 independent
experiments are shown.
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Fig. 7. CUR/CA-treatment does not induce oxidative stress
HL-60 cells were treated with the indicated concentrations of CUR and/or CA for 2-8 h
followed by determination of intracellular levels of ROS (A) and total glutathione (B). A:
Flow cytometric analysis of DCF fluorescence. *, P = 0.048. B. Glutathione reductase
recycling assay of glutathione. *, P = 0.015; §, P = 0.002; #, P = 0.005; ‡, P = 0.039.
Reported values are the means ± SE (n=3).
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Fig. 8. Time-course of caspase-8, -9, and -3 and PARP processing in CUR/CA-treated cells
HL-60 cells were incubated with 5 μM CUR and/or 10 μM CA for the indicated times
followed by Western blotting of whole cell extracts. Staurosporin (STN, 1.25 μM) was used
as the positive control. Each blot is a representative of 3 similar blots.
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Fig. 9. Changes in the levels of antiapoptotic and proapoptotic Bcl-2 family proteins in CUR and
CA-treated cells
HL-60 and KG-1a cells were treated with the indicated concentrations of CUR and/or CA
for 4-24 h followed by preparation of whole cell extracts. Expression levels of Bcl-2, Bcl-
xL, Mcl-1, Bax and Bak (A) and BH3-only protein Bid (B) were determined by Western
blot analysis. Calreticulin (CRN) was used as a protein loading control. Each blot is a
representative of 3 similar blots. NS, non-specific polypeptide band.
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Fig. 10. Both caspase-8 and caspase-9 are involved in CUR/CA-induced apoptosis
A: Effects of caspase inhibitors on CUR/CA-induced apoptosis. KG-1a cells were
preincubated, where indicated, with 50 μM Z-IETD-fmk (caspase-8 inhibitor), 50 μM Z-
LEHD-fmk (caspase-9 inhibitor) or without inhibitors (0.05% DMSO) for 2 h, followed by
treatment with polyphenol vehicle (see Materials and Methods) or 5 μM CUR plus 10 μM
CA for an additional 24 h. The percentage of apoptotic cells was determined by annexin-V/
PI staining. Representative data from 3 independent experiments are shown. B: Effects of Z-
IETD-fmk on caspase and Bid processing. KG-1a cells were preincubated with or without
50 μM Z-IETD-fmk for 2 h followed by treatment with the indicated polyphenols for an
additional 8 h. Whole cell lysates were analyzed by Western blotting. Calreticulin (CRN)
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was used as a protein loading control. A representative of 3 similar experiments is shown.
C: A simplified scheme of the possible mode of cell death induction by the CUR/CA
combination through the activation of extrinsic and intrinsic apoptotic pathways (see
Discussion for details).
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