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Fig. 32 Agarose gel electrophoresis pattern of HL-60 cells treated with vitamin C and
curcumin simultancously. Lane | HIL-60 cells treated with camtothecin; lune 2
negative control; lane 3 HL-60 cells treated with vitamin C 56 nM + curcumin 10 uM;
lane 4 HL-60 cells treated with vitaumin C 0.56 uM + curcumin 10 uM; lane 5 1L-60
cells treated with vitamin C 5.6 uM + curcumin 10 uM. Lane 6 HL-A0 cells treated
with curcumin [0 uM; lane 7 HL-60 cells treated with curcumin 15 uM; lane 8 HL-60
cells treated with curcumin 30 uM. Lane 9 was HL-60 cells treated with camtothecin.,
Lane 10 was negative control (without treatment); lane 11 HL-60 cells treated with
0.1 mM hydrogen peroxide: lanc 12 HL-60 cells treaied with | mM hydrogen
peroxide; lane 13 HL-60 cells treated withl® mM hydrogen peroxide. There was
ladder pattern in lune ! and 9. which were positive control. Lane 6-8 (11L-60 cells
treated with curcumin 10, 15 and 30 uM, respectively) showed smull DNA fragment
which was the inttial band at low molecular weight of the ladder pattern. Lane Il

also demonstrated the ladder pattern (0.1 mM hvdrogen peroxide treated cells).
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Fig. 33 Agarose gel electrophoresis pattern of HL-60 cells treated with vitamin C and

curcumin simultaneously (lane 2 to lane 6) and when treated with vitamin C for | day
and then with curcumin for another day at various concentrations of vitamin C and at
10 uM of curcumin. Lane | HL-60 cells treated with camtothecin; lane 2 without
treatment day 1; lane 3 HL-60 cells treated with vitamin C 56 nM + curcumin 10 uM
simultaneously: lane 4 HL-60 cells treated with vitamin C 0.56 uM + curcumin 10 u
M simultaneously; lane 5 HL-60 cells treated with vitamin C 5.6 uM + curcumin 10 u
M simultaneously; lane 6 HL-60 cells treated with vitamin C 56 uM + curcumin 10 u
M simultaneously: lane 7 HL-60 cells treated with curcumin 10 uM alone; lane 8 HL-
60 cells treated with vitamin C 56 pM alone: lane 9 without treatment (1 day + 1 day);
lane 10 HEL-60 cells treated with vitamin C 56 nM + curcumin 10 uM (1 day + [ day):
lane 11 HI-60 cells treated with vitamin C 0.56 pM + curcumin 10 uM (1 day + |
day); lane 12 HL-60 cells treated with vitamin C 5.6 uM + curcumin 10 uM- (1 {é{l_\-’ +
1 day): lane 13 HL-60 cells treated with vitamin C 56 uM + curcumin 10 uM (1 day +
I day); tane 14 curcumin 1O uM aleone (trgatment on day 2). In lane 10-13, it was

smear patlern, which wus the character of necrotic cell death,
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Fig. 34 Agarose gel electrophoresis pattern of HL-60 cells treated with GSI and
curcumin. Lane 1 HL-60 cells treated with camtothecin; lane 2 without treatment;
lane 3 HL-60 cells treated with curcumin 10 uM alone; lane 4 HL-60 cells wreated
with GSH 1 uM; lane 5 HL-60 cells treated with GSH 10 puM; lane 6 HL-60 cells
treated with GSH 100 uM; lane 7 HL-60 cells treated with GSH 1 mM; lane 8 HL-60
cells treated with GSH | M + curcumin 10 uM; lane 9 HL-60 cells treated with GSH
10 uM + curcumin 10 uM; lane 10 HL-60 celis treated with GSH 100 uM + curcumin
10 uM: Jane 11 HL-60 cells treated with GSH | mM + curcumin 10 uM. There was

no ladder pattern except in lane 1. which was positive control.
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Fig. 35 Agarose gel electrophoresis pattern of HL-60 cells treated with Trolox and
curcumin. Lane | HL-60 cells treated with camtothecin alone; lane 2 HL-60 cells
without treatment; Jane 3 HL-60 cells rreated with curcumin 10 uM alone; lane 4 HL-
60 cells treated with Trolox 10 uM; lane 5 HL-60 cells treated with Trelox 100 uM;
lane 6 HI.-60 cells treated with Trolox | mM: lane 7 HL-60 cells treated with Trolox
I WM + curcumin 10 pM,; lane 8 HL-60 cells treated with Trolox 10 pM + curcumin
10 uM; lane 9 HL-60 cells treated with Trolox 100 uM + curcumin 10 pM: lane 10
HL-60 cells treated with Trolox 1| mM + curcumin 10 uM. There was no ladder

pattern except in lane L, which was positive control.



Fig. 36 Agarose gel electrophoresis pattern of HL-60 cells treated with vitamin C and
curcumin. Lane | HL-60 cells with camtothecin; lane 2 HL-60 cells without
treatment; lane 3 111.-60 cells treated with curcumin 10 uM alone; lane 4 HL-60 celis
treated with vitamin C 560 nM; lane 5 HL-60 cells treated with vitamin C 5.6 uM:
lane 6 HL-60 celis treated with vitamin C 56 pM; lane 7 HL-60 cells treated with
vitamin C 56 nM + curcumin 10 uM; Lane 8 HL-60 cells treated with vitamin C 560
nM + curcumin 10 uM; lane 9 HL-60 cells treated with vitamin C 5.6 uM + curcumin
10 uM; lane 10 HL-60 cells treated with vitamin C 56 uM + curcumin 10 uM. There

was no ladder pattern except in lane 1, which was positive control.



Fig. 37 Agarose gel electrophoresis pattern of HL-60 cells treated with NAC and
curcumin. Lane 1 HL-60 cells treated with camtothecin; lane 2 HL-60 cells (without
treatment); lane 3 HL-60 cells treated with curcumin 10 uM alone; lane 4 HL-60 cells
treated with NAC 1 uM; lane 5 HL-60 cells treated with NAC 10 uM; lane 6 HL-60
cells treated with NAC 100 uM; lane 7 HL-60 cells treated with NAC 1 mM; lane 8
HL-60 cells treated with NAC 1 uM + curcumin 10 uM; lane 9 HL-60 cells treated
with NAC 10 uM + curcumin 10 uM: lane 10 HL-60 cells treated with NAC 100 uM
+ curcumin 10 uM; lane [1 HL-60 cells treated with NAC | mM + curcumin 10 uM.

There was no ladder patiern except in lane |, which was positive control.
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Discussion

Curcumin is the major compound of food flavoring turmeric (Curciuna longa
Linn.), and has been used as a herbal medicine. Curcumin shows a variety of
physiological effects, and several studies indicate curcumin to be anticarcinogenic
{46). and anti-inflammatory (47). Curcumin further shows antioxidant properties:
curcumin acts as a superoxide radical scavenger (48, 49) and as a singlet oxygen
quencher (50). Of the naturally occurring curcuminoids, tetrahydrocurcumin, one of -
the main metabolites of curcumin exhibits the most potent antioxidative activity (51).
Contrary to the antioxidant nature of curcuminoids, much evidence for cytotoxic
properties of curcumin was reported, and its cytotoxicity is suggested to be due to
production of reactive oxygen species. Treatment of DNA with curcumin was
demonstrated to cause strand scission of DNA, and the addition of ROS scavenger
BHA or BHT can prevent DNA from the curcumin-mediated strand breaks,
suggesting that curcumin-mediated production of ROS may participate in the DNA
damage (52, 53).

Very recently it was shown that curcumin acted as prooxidant by forming
reactive oxygen species through the reduction of copper causing activation of oxygen
molecule. Hydroxyl radical generated from hydrogen peroxide resuliing from the
dismutation of superoxide anion could break the DNA strand, and further form DNA
adduct 8-OHdG. Addition of catalase prevented DNA from the strand breaks and the
formation of DNA base adduct, indicating that curcumin/copper-dependent formation
of hydroxyl radical car play a principle role in the DNA damage. Curcumin ¢an act as
a prooxidant by activating molecular oxygen through the reduction of transition metals
in cells, resulting in the DNA damages including the formation of base adduct and
induction of apopiotic cell death (54). From our experiment on agarose gel
electrophoresis, when HL-60 cells were treated with hydrogen peroxide in media
compared to PBS, it was found that there was ladder pattern in the system of treatment
cells with hydrogen peroxide in media but not in PBS (Fig. 31). This might be
becausc of the presence of ferrous iron in the complete media with fetal bovine serum.
This metal iron involved in the gencration of hydroxy] radical via the Fenton reaction.

[t is corresponding to the finding that free radicals could cause DNA strand break.
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In HL.-60 cells treated with curcumin there was oxidative siress in the cells. It
was shown that there was ROS production by measuring the DCF-DA changing to be
DCF in HL-60 cells after incubating with curcumin at various concentrations (10, 20,
“and 30 uM). There was an increase in fluorescence compared to the control {without
treatment). It was in a dose response manner (54). Yoshino's work showed the effect
at 0, 5, and 10 pM and did not show at higher doses. We showed that at 10 pM, the
level of peroxides and hydrogen peroxides was maximal and decreased at 20, and 30 p
M (Fig. 23). This finding corresponded to the morphology of the cells when
examined under fluorescence microscope after staining with propidium 1odide, which
was fragmented bodies or apoptotic bodies at the two higher concentrations. That
caused the decreased in the intensity and amount of fluorescence when the cells were
treated with higher concentrations of curcumin. Another reason is that the apoptotic
cells underwent secondary necrosis.

The increased dose of curcumin caused the more decrease in mitochondrial
membrane potential (Fig. 21, 22). At higher doses of curcumin, the more decreased in
mitochondrial membrane potential and the higher amount of apoptotic cells were
found.

Curcumin-mediated apoptosis of HL-60 cells was closely related to the
increase in the concentration of reactive oxygen species in cells. Generation of
reactive oxygen species was a key factor of induction of apoptosis by curcumin.

It was reported that curcumin induced cell death in HL-60 cells, both sensitive
and with MDR phenotypes (caused by overexpression of P-gp, i.e., HL-60/Vinc; or
MRP1, i.e., HL-60/Adr), which could be classified as caspase-3 dependent apoptosis,
together with cytochrome ¢ release, activation of caspase-3 and oligonucleosomal
DNA fragmentation. No active caspase-8 was detected. This work was compared the
eftect of curcumin with UVC in HL-60 cells which could induced apoptosis via
caspase-3 activation (55). .

When HL-60 cells were treated with 25 uM curcumin for 24 h, the expression
level of Mcl-1 (antiapoptotic protein) was down regulated, but that of Bax and Bak
up-regulated time-dependently. There was significant difference in the expression
level of Mcl-1, Bax and Bak between the curcumin-treated groups and control group
(p<0.05-0.01). At the same time. curcunun had no effect on progress of cell cyele in

primary acute myelogenous leukemia at newly diagnosis, but could increase the peak
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of sub-Gl (p<0.05), and down-regulate the expression of Mci-1 and up-regulate the
cxpression of Bax and Bak with the difference being statistically significant. The
expression of p27kipl, p2lwafl and pRbp were elevated and that of cyclin D3
decreased in the presence of curcumin. These finding suggested that the Bel-2 gene
family indeed participated in the regulatory process of apoptesis induced by curcumin
in HL-60 cells and AML cells. Curcumin can induce apoptosis of primary acute
myelogenous leukemic cells and disturb cell cycle progression of HL-60 cells. The
mechanism appeared to be mediated by perturbing GO/G1 phases checkpoints which
associated with up regulation of p27kipl, p2lwafl and pRbp expression, and down-
regulation of cyclin D3 (56).

The effect of curcumin on the activation of the apoptotic pathway in human
acute myelogenous leukemia HL-60 cells and in established stable cell lines
expressing Bel-2 and Bel-xl was found. Curcumin inhibited the growth of HL-60
cells (neo) in a dose- and time-dependent manner, whereas Bel-2 and Bcl-xi-
transfected cells were relatively resistant. Curcumin activated caspase-8 and caspase-
3 in HL-60 neo cells but not in Bcl-2 and Bel-xl-transfected cells. Similarly, time
dependent poly(ADP)ribose polymerase (PARP) cleavage by curcumin was observed
in neo cells but not in Bel-2 and Bel-xi-transfected cells. Curcumin treatment also
induced Bid cleavage and mitochondrial cytochrome ¢ release in neo cells but not in
Bcl-2 and Bel-xl transfected cells. In neo HL-60 cells, curcumin also downreguiated
the expression of cyclooxygenase-2, Because DN-FLICE blocked curcumin-induced
apoplosis, caspase-8 must play a critical role. Overall, the results indicated that
curcumin induces apoptosis through mitochondrial pathway involving caspase-8, Bid
cleavage, cytochrome c¢ release, and caspase-3 activation. These results suggested that
Bel-2 and Bcel-x1 are critical negative regulators of curcumin-induced apoptosis (40).

The role of AP-1 and acidosis was pivotal. Intracellular acidification caused
by agents such as UV, etoposide or ceramide accompanicd the progression of
apoptosis. It was suggested that cellular acidosis might set favorable conditions for a
dormant, low pH-dependent (acidic) nuclease, which could be involved in
intranuclesomal genome degradation, a hallmark of programmed cell death. In HL-60
cells, acidic nuclease up-reguiation triggered by acidic agents followed the mduction

of AP-1 wanscription factor active complexes and accompanied the progression of
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apoptosis. Inhibition of AP-1 binding to DNA and c-jun synthesis, protected cells
from genome destruction (57).

In contrast, in HL-60 cells, ESR spectroscopy demonstrated that curcumin
produced radicals under alkaline conditions, scavenged the superoxide amon radical,
and enhanced the radical intensity of sodium ascorbate at higher concentrations. It was
also found that catalase did not reduce the cytotoxic activity of curcumin (58).

It was reported that apoptosis-inducing activity of curcumin was not affected
by cycloheximide, actinomycin D, EGTA, W7 (calmodulin inhibitor), and sodium
orthovanadate. By contrast, an endonuclease inhibitor ZnSO4 and proteinase inhibitor
N-tosyl-L-lysine chlorotetradecanoylphorbol-13 acetate (TPA) had partial effect. The
antioxidants, N-acetyl-L-cysteine (NAC), L-ascorbic acid, alpha-tocopherol, catalase
and superoxide dismutase, all effectively prevented curcumin induced apoptosis (59).
In this work, the researchers used only one concentration of each antioxidant, i.e.,
NAC at 5 mM, ascorbic acid at 100 uM, and alpha-tocopherol at 100 M compared to
our work which used various concentrations of each antioxidant and it had different
effect. For ascorbic acid or vitamin C, it prevented the HL-60 cell apoptosis induced
by curcumin at all concentrations (56, 560 nM, and 5.6 uM). Meanwhile NAC and
vitamin E had dual effect. However, for vitamin E, we used the analog or derivative
of vitamin E that can dissolve in water, which is different from alpha-tocopherol that
is lipophilic. We also studied the combined effects of the antioxidants and
demonstrate the significance of their effects by using two way ANOVA.

Il was demonstrated that treatment of human leukemia HL-60 ceils with
ceramide, a breakdown product of sphingomyelin, induced both programmed cell
death and cellular differentiation. Apoptosis in response to ceramide occurred in a
concentration-dependent manner.  Apoptosis induced by ceramide in HL-60 cells
required the presence of c-jun protooncogene. However, apoptosis was inhibited by
curcumin, a specific inhibitor of c-junfAP-]. Whereas curcumin restored ability of
inhibited cells to grow, it does not affect ceramide-induced differentiation.  These
results indicated that ceramide controled cell differentiation and proliferation through
apoptosis by aclivating the nuclear transctiption faclor AP-1. Further, AP-1 is
apparently more closely related to apoptosis-inducing signal wransduction pathway

than to the pathway leading to cellulur differentiation (60).
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The effect of antioxidants on HIL-60 cell apoptosis induced by curcumin was
inconclusive and required further study. In this process, there was an increase in
oxidative siress as shown by the increase in fluorescence of the dye (DCFH-DA 1o
DCF) (54). The existence of oxidative stress was confirmed that there were hydrogen
peroxide and peroxide radicals production. But the effect of vitamin C, Trolox, NAC
and GSH could have various effects, not just protection of the cells from apoptosis as
expected since they all are antioxidants. So, the mechanism of curcumin in inducing
apoptosis was complicaied. Concerning the combined effect of antioxidants on HL-
60 cell apoptosis induced by curcumin, it indicated that Trolox acted as prooxidant
rather than antioxidant when combined with vitamin C (p<0.05) or combined with
GSH (p<0.05) Fig. 15 and Fig. 17, respectively. The prooxidant effect was also
observed in the combination of vitamin C and NAC (p<0.05) as shown in Fig. 20.
However, the single effect of each antioxidant was not significantly different except
GSH compared to the treatment with curcumin alone.

The apoptotic death of HL-60 cells demonstrated the appearance of
fragmented DNA as shown by the band at the low molecular weight of DNA at the
initial band of ladder pattern of positive control (HL-60 cells treated with
camtothecin) as shown in Fig. 32. No ladder pattern was shown in HL-60 cells treated
with curcumin might be because of the heterogeneity of cells, i.e. not all cells under
went apoptosis. For the mechanism of apoptosis in the system, we found the decrease
in mitochondrial membrane potential as depicted in Fig. 21 and Fig. 22, which was in
a dose- and time-response manner.

The statistical vaiues and significance of each antioxidant were summarized in

Table 1, which were from Kruskal Wallis analysis.

Table 1 Statistical values of the effect of each antioxidant on HL-60 ccll apoptosis

induced by curcumin (10 pM) by Kruskal Wallis analysis .
Antioxidant p value Significant N

Vitamin C 0.26] No

Trolox 0.060 No

GSH 0.031 Yes

NAC 0.263 No




The statistical vaiues and significance of combined antioxidants were

summarized in Table 2, which were analyzed by using two way ANOVA,

Table 2 Statistical values and significance of the effect of combined antioxidants on

HL-60 cell apoptosis induced by curcumin (10 uM) by two way ANOVA.

Antioxidants p value Significant
Vitamin C + Trolox 0.001 Yes
Trolox + NAC 0.932 No
Trolox + GSH 0.001 Yes
GSH + NAC 0.322 No
Vitamin C + GSH 0.201 No
Vitamin C + NAC 0.002 Yes

We studied the effect of LY294002 (PI3K inhibitor) and found that it
enhanced the membrane poteniial reduction, which meant that the number of
apoptotic cells was increased. The mechanism involved PI3K of apoptosis was as
followed. In the presence of trophic factor, binding of trophic factors stimulates PI-3
kinase activity, leading to activation of the downstream kinase Akt, which
phosphorylates Bad. Phosphorylated Bad then forms a complex with the 14-3-3
protein. With Bad sequestered in the cytosol, the antiapoptotic Bel-2/Bak-x! proteins
can inhibit the activity of Bax, thereby preventing the release of cytochrome ¢ and
activation of the caspase cascade (61). In the presence of LY294002, it inhibited PI3K
and induced caspases that caused apoptosis, thus it proved that PI3K is in the signal
transduction cascade of HL-60 cell apoptosis induced by curcumin (Fig. 24).

On the contrary, the effect of MEK in the signaling pathway was considered
directly. Since the curcumin-induced apoptosis was not inhibited by MEK fnhibitor
(PD98059) (Fig. 25), it meant that the apoptosis was not via this mediator but through
the PI3K. It was reported that mitogen activated protein kinase (MAPK) and
phosphotidylinositol-3-kinase (PI3K/PKB) pathway were relevant to the induction of
apoplosis by curcumin in breast cell lines (20). This was not via the same mediators
(PI3K and MAPK) when compared to breast cell hnes (even though it was the same

stimulant, i.e., carcumin). Thus, it depends on the types of cells as well. This was the
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first report of the roles of antioxidants and PI3K on HL-60 cell apoptosis induced by
curcumin, which the cytotoxicity of curcumin was prevented and delayed by GSH and
PI3K inhibitor. The combined roles of Trolox plus vitamin C, Trolox plus GSH and
vitamin C plus NAC were significantly different on the curcumin-induced apoptosis
of HL-60 cells.

Compared to the concurrent report (54) as mentioned above, we found that in
the systemn of curcumin-induced apoptosis of HL-60 cells, the oxidative stress existed.
Hydrogen peroxide and peroxide radicals were detected by the change of DCFH-DA
{nonfluorescence) to be DCF (fluorescence) when there were free radicals in the
system as shown in Fig. 23. At 10 uM of curcumin, the amount of ROS was highest
that was consistent with Yoshino’s work, but in ours the reduction of ROS production
at 20 and 30 uM was found. The reduction of ROS amount corresponded to the
morphology of the cells, which showed apoptotic bodies or fragmented bodies (data
not shown) and the appearance of fragmented DNA as shown in Fig. 32,

In the experiment of curcumin and curcumin dedvative: curcumin I,
demethox ycurcumin, and bisdemethoxycurcumin were compared. It was found that
demethoxycurcumin was the most potent form and caused highest percentage of
apoptotic cells among the others at the same concentration of 10 uM (Fig. 11). Itis
intriguing to further investigate the antioxidant effect on HL-60 cell apoptosis induced
by each denivative and the mechanism of death of each compound whether it is the
same with that of curcumin (diferuloylmethane) or not. Should antioxidants and
curcumin be used in leukemic patients requires further in vivo experiments.

It was demonstrated that curcumin was a specific inhibitor for c-jun/AP-1
transcription factor (57). Usually there was a cross-talk in the signal transduction
pathway which was also shown in HL-60 cells treated with curcumin. The present
work showed that curcumin-induced apoptosis was via PI3K and curcumin itself from
the previous work curcumin acted as AP-1 inhibitor. Thus, the signaling pathway in

the system was complicated and needs further investigation to cianfy its mechanism.



60

References:

L Wyllie AH, Kerr IF, Currie AR. Cel) death: the significance of apoptosis. Int
Rev Cytot 1980;68:251-306.

2, Arends MJ, Morris RG, Wyllie AH. Apoptosis: The role of the endonucleases.
Am J Pathol. 1990;136:593-608.

3. Sanderson CJ. The mechanism of lymphocyte-mediated cytotoxicity. Biol Rev
Camb Philos Soc. 1981;56:153-97.

4. Rupnow BA, Murtha AD, Alarcon RM, Giaccia AJ, Knox SJ. Direct evidence
that apoptosis enhances tumor response to fractionated radiotherapy. Cancer Res.
1998;58:1779-84.

5. Ammon HP, Wahl MA. Pharmacoclogy of Curcuma longa. Planta Med.
1996:57:1-7.

6. Lin JK, Pan MH, Lin-Shiau SY. Recent studies on the biofunctions and
biotransformations of curcumin. Biofactors. 2000;13:153-8.

7. Commandeur JN, Vermeulen NP. Cytotoxicity and cytoprotective activities of
natural compounds: The case of curcumin. Xenobiotica. 1996;26:667-80.

8. Kuttan R, Bhanumathy P, Nirmata K, George MC. Potential anticancer
activity of turmeric (Curcurna longa). Cancer Lett. 1985;29:197-202.

9. Srimal RC, Dhawan BN. Pharmacology of diferuloylmethane (curcumin), a
non-steroidal anti-inflammaiory agent. J Pharm Pharmacol. 1973,25:447-52.

10.  Sharma OP. Antioxidant activity of curcumin and refated comounds. Biochem
Pharmacol. 1976;25:1811-2.

i1, Toda S, Miyase T, Arichi H, Tanizawa H, Takino Y. Natural antioxidants. I
Antioxidative compounds isolated from rhizome of Curcuma longa L. Chem Pharm
Bull (Tokye). 1985;33:1725-28.

12 Verger P, Chambeolle M, Babayou P. Le Breton S, Bolatier JL. Estimation of
the distribution of the maximum theoretical intake for ten additives in Franc;,. Food
Addit Contam. 1998;15:759-66.

13. Singh §, Aggarwal BB. Activation ot transcription of transcription factor NF-
kB is suppressed by curcumin (difurulo_\'lme:hane}. J Biol Chem. 1995:270:24995-
25000.



6l

14, Huang TS, Lee SC, Lin JK. Suppression of c-Jun/AP-i activation by an
inhibitor of tumor promotion in mouse fibrobtast ceils. Proc Nat | Acad Sci USA.
1991;88:5292-6.

15. Chen YR, Tan TH. Inhibition of the c-jun N-terminal kinase (JNK) signaling
pathway by curcuman. Oncogene. 1998;17:173-8.

16. Wargovich MJ. Experimental evidence for cancer preventive elements in
foods. Cancer Lett. 1997;114:11-17.

17.  Gescher A, Pastorino U, Plummer SM, Manson MM. Suppression of tumor
development by substances derived from the diet-mechanisms and clinical
implications. Br J Clin Pharmacol. 1998;45:1-12.

18, Sharma RA, Mclelland HR, Hill KA, et al. Pharmacodynamic and
pharmacokinetic study of oral Curcuma extract in patients with colorectal cancer. Clin
Cancer Res. 2001;7:1894-1900.

19, Van Erk MJ, Teuling E, Staal YC, et al. Time- and dose dependent effects of
curcumin on gene expression in human colon cancer ceils. J Carcinog. 2004;3:8-12.
20. Squires MS, Hudson EA, Howells L, ¢t al. Relevance of mitogen activated
protein  kinase (MAPK) and phosphotidyinositol-3-kinase/protein  kinase B
{PI3K/PKB) pathways to induction of apoptosis by curcumin in breast ceils. Biochem
Pharmacol. 2003;65:361-76.

21. Davis WJ, Ronai Z, Tew KD. Cellular thiols and reactive oxygen species in
drug-induced apoptosis. ] Pharmacol Exp Ther, 2001,;296:1-6.

22. Liebermann DA, Gregory B, Hoffman B. AP-1 (Fos/Jun) transcription factors
in haematopoietic differentiasion and apoptosis. Int-J Oncol. 1998;12:685-700.

23.  Huang MT, Ma W, Yen P, et al. Inhibitory effects of topical application of low
doses of curcumin  on 12-O-tetradecanoylphorbol-13-acetate-induced  tumor
promotion and oxidized DNA bases in mouse epidermis. Carcinogenesis. 1997;18:83-
8.

24, Jang MC, Yang-Yen HF, Yen JJ, Lin JK. Curcumin induces apoptosis in

immortalized NIH 3T3 and malignant cancer cell lines. Nutr Cancer. 1996;26:111-20.
25.  Jee SH, Shen SC, Tseng CR, Chiu HC, Kuo ML. Curcumin induces a p33-
dependent apoptosis in human hasal cell carcinoma cells. J Invest Dermatol.
1998, 111:656-01.

26. Hanif R, Qiao L, Shiff Si, Rigas B. Curcumin, a natural plant phenolic food

addijtive, inhibits celt proliferation and induces cell cycle changes in colon



62

adenocarcinoma cell lines by a prostaglandin-independent pathway. J Lab Clin Med.
1997;130:576-84.

27.  Huang MT, Lou YR, Ma W, Newmark HL, Reuhl KR, Conney AH. Inhibitory
effects of dietary curcumin on forestomach, duodenal, and colon carcinogenesis in
mice. Cancer Res. 1994;54:5841-7.

28. Rao CV, Rivenson A, Simi B, Reddy BS. Chemoprevention of colon
carcinogenesis by dietary curcumin, a naturally occurring plant phenolic compound.
Cancer Res. 1995;55:259-66.

29.  Huang MT, Ho CT, Wang ZY, et al. Inhibitory effect of topical application of
a green tea polyphenol fraction on tumor initiation and promotion in mouse skin.
Carcinogenesis. 1992;13:947-54.

30.  Bhaumik S, Anjum R, Rangaraj N, Pardhasaradhi BV, Khar A. Curcumin
mediated apoptosis in AK-5 tumor cells involves the production of reactive oxygen
intermediates. FEBS Leit. 1999;456:311-4.

31.  Chen HW, Huang HC. Effect of curcumin on cell cycle progression and
apoptosis in vascular smooth muscle cells. Br J Pharmacol. 1998;124:1029-40,

32.  Han S8, Chung ST, Roberison DA, Ranjan D, Bondada S. Curcumin causes
the growth arrest and apoptosis of B cell lymphoma by downregulation of egr-1, ¢-
myc, bel-XL, NF-kappa B, and p53. Clin Immunel. 1999;93:152-61.

33, Khar A, Ali AM, Parchasaradhi BV, Begum Z, Anjum R. Antitumor activity
of curcumin is mediaied through the induction of apoptosis in AK-5 tumor celils.
FEBS Lett. 1999;445:165-8.

34.  Samaha HS, Hamid R, El-Bayoumy K, Rao CV, Reddy BS. The role of
apoptosis in the modulation of colon carcinogenesis by dietary fat and by the
organoselenium compound | 4-phenylenebis(methylene)selenocyanate.  Cancer
Epidemiol Biomarkers Prev. 1997:6:699-704.

3s. Thresiamma KC, George J, Kuttan R. Protective effect of curcumin, eltagic
acid and bixin on radiation induced genotoxicity. J Exp Clin Cancer Res.
1998;17:431-4.

36. Liu JY, Lin 8J, Lin JK. [nhibitory effects of curcumin on protein kinase C
activity induced by l2~O—Ietradecanoyl—pﬁorbol-i3-ncelate in NIH 3T3 cells.
Carcinogenesis. 1993:14:857-61.

37.  Pan MH, Lin-Shiau SY, Lin JK. Comparative studies on the suppression ol

nitnc oxide synthase by curcumin and its hydrogenated metabolites through down-



63

regulation of TkappaB kinase and NFkappaB activation in macrophages. Biochem
Pharmacol. 2000:60:1665-76.

38 Korutla L, Kumar R. Inhibitory effect of curcumin on epidermal growth factor
receptor kinase activity in A431 cells. Biochem Biophys Acta. 1994;1224:597-600.
39. Mukhopadhyay A, Bueso-Ramos C, Chaiterjee D, Pantazis P, Aggarwal BB.
Curcumin downregulates cetl survival mechanisms in human prostate cancer cell
lines. Oncogene. 2001;20:7579-609.

40.  Anto RJ, Mukhopadhyay A, Denning X, Aggarwal BB. Curcumin
(diferuloylmethane) induces apoptosis activation of caspase-8, BID cleavage and
cytochrome c release: its suppression by ectopic expression of Bel-2 and Bel-xl.
Carcinogenesis. 2002;23:143-50.

41, Bush JA, Cheung KJ, Li G. Curcumin induces apoptosis in human melanoma
cells through a Fas receptor/caspase-8 pathway in dependent of p53. Exp Cell Res.
2001,;271:305-14.

42, hitp://www.cc.nth.gov/cee/supplements/

43.  Gorzyca W, Gong J, Aldelt B, Traganos F, Darzynkiewixz Z. The cell cycle
refated differences in susceptibility of HL-00 cells to apoptosis induced by various
antitumor agents. Cancer Res. 1993;53:3186-92.

44.  Shapiro HM. Practical flow cytometry. (3rd ed.) New York: John Wiley &
Sons, Inc., Publication, 1995.

45.  Xiang J, Chao DT, Korsmeyer 8J. Bax-induced cell death may not require
interleukin-1 beta-converting enzyme-like protease. Proc Natl Acad Sci USA.
1996:93:14559-63.

46. Conney AH, Lysz T, Ferraro T, et al. Inhibitory effect of curcumin and some
related dietary compounds on twmor promotion and arachidonic acid metabolism in
mouse skin. Adv Enzyme Regul. 1991;31:385-96.

47. Huang MT, Lysz T, Ferraro T, Abidi TF, Laskin JD, Conney AH, Ini:ibitory
effects of curcumin on in vitro lipoxygenase and cyclooxygenase activities in mouse
epidermis, Cancer Res. 1991:51:813-9.

48. Reddy AC, Lokesh BR. Studies on the inhibitory effects of curcumin and
eugenot on the formation of reactive oxygen species and the oxidation of ferrous iron.
Mol Cell Biochem. 1994:137:1-8.

49 Ruby Al, Kuttan G, Babu KD, Rajasckharan KN. Kutisn R. Anti-tumour and

anlioxidant activity of natural curcuminoids. Cance Lett. 1995;79-83.



64

50. Das KC, Das CK. Curcumin (diferuloyimethane), a singlet oxygen ('O2)
quencher. Biochem Biophys Res Commun. 2002,295:62-6.

51. Osawa T, Sugiyama Y, Inayoshi M, Kawanishi S. Antioxidative activity of
tetrahydrocurcuminoids. Biosci Biotech Biochem. 1995;59:1609-12.

52. Ahsan H, Hadi SM. Strand scission in BDNA induced by curcumin in the
presence of Cu(Il}. Cancer Lett. 1998;124:23-30.

53. Ahsan H, Parveen N, Khan NU, Hadi SM. Pro-oxidant, anti-oxidant and
cleavage activities on DNA of curcumin and its derivatives demethoxycurcumin and
bisdemethoxycurcumin. Chem Biol Interact. 1999;121:161-73.

54.  Yoshino M, Haneda M, Naruse M, et al. Prooxidant activity of curcumin:
copper-dependent formation of 8-hydroxy-2(')-deoxyguanosine in DNA and induction
of apoptotic cell death. Toxicol In Vitro. 2004;18:783-9.

55. Bielak-Mijewska A, Piwocka K, Magaiska A, Sikora E. P-glycoprotein
expression does not change the apoptotic pathway by curcumin in HL-60 cells.
Cancer Chemother Pharmacol. 2004:53:179-85.

56. Chen Y, Wu Y, He J, Chen W. The experimental and clinical study on the
effect of curcumin on cell cycle proteins and regulating proteins of apoptosts in acute
myelogenous leukemia. J Huazhong Univ Sci Technology Med Sci. 2002;22:295-8.
57. Famulski KS, Macdonald D, Paterson MC, Sikora E. Activation off a low pH-
dependent nucleases by apoptotic agents. Cell Death Differ. 1999;6:281-9,

58. Nogaki A, Satoh K, Iwasaka K, et al. Radical intensity and cytotoxic activity
of curcumin and gallic acid. Anticancer Res. 1998;18:3487-91.

59, Kuo ML, Huang TS, Lin JK. Curcumin, an antioxidant and anti-tumor
promoter, induces apoptosis in human leukemia cells. Biochim Biophys Acta.
1996;1317:95-100.

60.  Yamamoto H. Interrelation of differentiation, proliferation and apoptosis in
cancer cells. T Osaka Dent Univ. 1995:29:51-60.

61. Lodish H, Berk A, Zipursky SL, et al. Molecular Cell Biclogy. (4th cEi.) W.
H. Freeman and Company. New York, 2000.p.849-906.



65

Output

1. manuscript for publishing in Ethnopharmacology (in the process of sending)

2. msnuaeulsslamd - d9tui

3. duq maausnasuluilssgadannis

3.1 Curcumin-Induced Apoptosis in HL-60 Cells: The Effect of Antioxidants. in
International Colloquium 2004: Health Benefits and Applications of Polyphenols.
Organized by Faculty of Associated Medical sciences. Chiang Mat University,
Chiang Mai, Thailand. November 25-26, 2004. (oral presentation).

3.2 Curcumin-Induced HL-60 Cell Necrosis In Vitro. In 27" Annual Meeting on
Mahidol’s Day. Organized by Faculty of Medicine, Chiang Mai University,
Chiang Mai, Thailand. September 24, 2003. (poster presentation).

3.3 The Effect of Antioxidants on HL-60 Celi Death Induced by Curcumin. In
National Cancer Conference. Bangkok, Thailand. November 12-14, 2003. (poster

presentation).



66

The effect of antioxidants on curcumin-induced apoptosis in HL-60 cells

Ratana Banjerdpongchai®”, Prapon Wilairat °

“Department of Biochemistry, Faculty of Medicine, Chiang Mai University, Chiang

Mai 50200, Thailand;

*Department of Biochemistry, Faculty of Science, Mahidol University, Bangkok 10400,
Thailand.

Email: ratana@chiangmai.ac.th, Fax : 66 53 894031, Tel. 66 53 945323

Abstract

Curcumin is the main biologically active phytochemical compound in turmeric.
Curcumin has anti-inflammatory, antioxidant, anticarcinogenic and antiproliferative
activities. The present work was aimed to determine the effects of vitamin C, Trolox,
reduced glutathione (GSH) and N-acetylcysteine (NAC) on human promyelocytic
leukemic (HL-60) cell apoptosis induced by curcumin and its mechanism of cell death.
HL-60 cells were incubated with curcumin for 24 h and apoptotic cells were quantitated
by flow cytometry following staining-with annexin V-FITC and propidium iodide.
Curcumin induced apoptosis, which was confirmed by the decrease in mitochondrial
membrane potential. In the presence of 10 uM curcumin, vitamin C (56, 560 nM and
5.6 uM) and GSH (1, 10 and 100 pM) reduced the number of apoptotic cells, but NAC

and Trolox had a dual effect, being protective at 1, 10 uM, and 1 mM for NAC and 1

M, for Trolox; and synergistic at 100 uM for NAC and 10, 100 pM, and 1 mM for

Trolox. The prooxidant effect was observed when Trolox was combined with vitamin C
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or GSH (p<0.05). The effect of vitamin C together with NAC also caused HL-60 cells
to die more (p<0.03).

Keywords: Apoptosis; Curcumin; HL-60 cells; Antioxidants.

Abbreviations: HL-60 cells, human promyelocytic leukemic cells; GSH, giutathione;
NAC, N-acetylcysteine; PI3K, phosphotidylinosito! 3-kinase; MAPKK, mitogen

activated protein kinase kinase.

Introduction

Apoptosis is a physiological suicide mechanism that controls homeostasis, in
which cell death naturally occurs during tissue tumover (Wyliie et al., 1980). It is the
most common form of eukaryotic cell death. Cells undergoing apoptosis display
profound structural changes, including plasma membrane blebbing and nuclear
disintegration. The nuclear change is associated with extensive damage to chromatin
and DNA cleavage into nucleosomal-length DNA fragments after activation of
calcium-dependent endogenous endonucleases (Arends et al., 1990). Apoptosis is
essential in many physiological processes, including the embryonic development and
the maturation of immune system (Sanderson, 1981). It is currently the subject of
intense research, partially because tumor cells are susceptible to death by apoptosis in
response to drugs and/or radiation treaiment.

Curcuma longa Linn. is a perennial herb onginally cultivated widely in tropical
regions of Asia from which dried rhizome is isolated the spice turmeric. It belongs to
the family Zingiberaceae. Turmeric, a powder from the dried rhizomes, is used for
medicinal purposes and is reportedly used as an antiseptic, a cure for poisoning, to

eliminate body waste products, for treating dyspepsia, and respiratory disorders, as a
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cure for some skin diseases, including wound healing, and as a house hold remedy for
treating sprains and swellings caused by injury {Ammon and Wahl, 1996).

Curcumin, also known as diferuloylmethane (1,7-bis-(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione)}, is the major yellow pigment extracted
from turmeric, which is used extensively in curries. Its properties as a coloring and
flavoring agent have led to uses as a dietary additive in variety of foods (Ammon and
Wahl, 1996; Lin et al., 2000). Extracts containing curcumin have also been used in
medicines in India and Southeast Asia for generations, and according to tradition are
useful in the treatment of inflammation, skin wounds, hepatic and biliary disorders,
cough, as well as certain tumors (Commandeur and Vermeulen, 1996). Curcumin has
been identified to possess antimicrobial, anticancer, anti-inflammatory and
topoisomerase-inhibitory activities, and has been reported to be an antioxidant and
free-radical scavenger (Kuttan et al., 1985, Srimal and Dhawan, 1973; Sharma, 1976;
Toda et al., 1985). As a result, dietary intake of curcumin is especially high in Asia,
where adults consume up to >200 mg of curcumin/day or up to 7-8 umol/kg of body
weight. Even in France, where curcumin exposure may be more representative of that
typical worldwide, intake of as much as >3.4 umol/kg/day has been documented
(Vergeretal., 1998).

Several reports document an antiproliferative effect of curcumin on cultured
cells such as on colon cancer and breast cancer cells (Van Erk et al., 2004, Squires et
al., 2003). This may, in part, be because programmed cell death at high concentrations
of curcumin can induce apoptosis such as in human leukemia cells. Reactive oxygen
species (ROS) have been considered to play an_importam role in drug-induced

apoptosis (Davis et al., 2001), thus one might suspect that curcumin, as an antioxidant,
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free radical scavenger, would inhibit the ability of chemotherapeutic drugs to induce
apoptosis.

Recently it has also been suggested that production of reactive oxygen
intermediates may be a cause of tumor cell apoptosis as a result of curcumin treatment
{(Bhaumik et al., 1999). Curcumin also has been rleported to induce mitochondrial
abnormalities promote p53-dependent apoptosis and activation of caspase-8 and
caspase-3 in human prostate cancer cell lines, HL-60 cells, human basal cell carcinoma
cells, and human melanoma cells (Mukhopadhyay et al., 2001; Anto et al., 2002; Jee et
al,, 1998; Bush et al., 2001).

In this work, we aimed to demonstrate the effect of four antioxidant molecules,
i.e., ascorbic acid, glutathione (GSH), N-acetylcysteine (NAC) and Trolox (water
soluble vitamin E), on HL-60 cell apoptosis and to elucidate the combined effect of
these antioxidants. Moreover, since many researchers studied the mechanisms of
cucumin-induced apoptosis in HIL-60 cells and reported the significance of
mitochondrial leakage of cytochrome ¢. It motivated us to study whether the
mitochondrial membrane potential changed and to identify the roles of PI3K and
MEK/MAPKK in the apoptotic cell death in HL-60 cells induced by curcumin. While
we were working on this research, there was a concurrent report that curcumin
mediated apoptosis was related to the increase in intracellular reactive oxygen species
{Yoshino et al., 2004). However, our work demonstrated that the amount of ROS was
teduced at the concentrations of curcumin at 20 and 30 uM whereas in that repovﬂ they
measured the amount of ROS at the maximal concentration at 10 uM only which was
found to be high. It meant that at higher conce;trations, ROS was found in the

fragmented bodies or apoptotic bodies, which were corresponded to the morphology of
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the cells under treatment with curcumin at higher concentrations. Alternatively, it

might be due to secondary necrosis that occurred after the process of apoptosis.

Materials and Methods

RPMI-1640 and fetal bovine serum were obtained from Gibco-BRL, New
York, NY, USA. Annexin V-FITC kit was obtained from Roche, Indianapolis, IN,
USA. Curcumin {1,7-bis[4-hydroxy-3-methoxyphenyl}-1,6-heptadiene-3,5-dione),
glutathione, N-acetylcysteine, vitamin C, 2", 7 -dichlorofluorescein diacetate
(DCFH-DA), and 3,3’-dihexyloxacarbocyanine iodide or DiOg(3) were obtained from
Sigma, St. Louis, MD, USA. Troiox was obtained from Aldrich, Milw, WI, USA.

LY294002 and PD98059 were obtained from Catbiochem, La Jolla, CA, USA.

Cell culture

HI-60 celis were cultured in 10% fetal bovine serum in RPMI-1640 medium
supplemented with penicillin G (100 units/ml) and streptomycin (100 pg/ml) and
incubated at 37 °C in a humidified atmosphere containing 5% CO,. The preconfluent
(growth phase} cells were treated with curcumin at concentrations as indicated for 4 or
24 hours. Diluted curcumin solutions were prepared in alcohol (0.5% final
concentration). It was found that 0.5% alcobol did not affect cell viability. After
incubating the cells with curcumin, the ceils were processed through agarose gel

electrophoresis or flow cytometry.

Treatment conditions
Preconfluent HL-60 cells (lxlO(’ celis) were treated with hydrogen peroxide

(0.1, 1, 10 mM) for 30 min at 37 °C under an atmosphere of 5% CQ,. Control cells
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were incubated in the absence of hydrogen peroxide. At the termination of the
incubation, catalase was added (final concentration of 100 units/mli). Cell morphology
was examined under phase contrast microscope and fluorescence microscope (with
propidium iodide staining). HL-60 cells wese also collected for the agarose gel
electrophoresis and flow cytometry.

In the conditions of treatment with the antioxidant(s): vitamin C or Trolox or
N-acetyicysteine or glutathione was added simultaneously with curcumin. The
concentration of vitamin C was varied from 56 nM, 560 nM, 5.6 uM, to 56 uM. For
Trolox, the concentration was varied from | uM, 10 pM, 100 uM, to 1 mM. For N-
acetylcysteine, the concentration was 1, 10, 100 uM and 1 mM. For giutathione, the
dose was 1, 10, 100 uM and 1| mM. Then two components of antioxidants were added
in the cell culture system to see their combined effect on HL-60 cell apoptosis induced
by curcumin (at 10 uM). Then the cells were processed by using fiow cytometry
technique.

HI-60 cells were pretreated with LY294002 or PD98059 at 10, 20 and 50 pM
for 50 min and then with curcumin at 20 uM for 4 h or with curcumin (20 uM) alone
or with LY294002 (50 uM) alone or PD98059 (50 uM) alone for 4 hours. Then
Di0C(3) were added at 40 nM for 15 minutes at 37 °C and was measured for

mitochondrial membrane potential.

Flow cytometry (Shapiro, 1995)
HI-60 cefls were collected at the concentration of 10° cells. The cells were

washed once and then centrifuged at 200 x g to get the cell peliets which were
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resuspended in 100 Wl of the binding buffer provided by the reagent kit. Annexin V-
FITC (2 ul) and propidivm (2 ul) were added in each tube. Then they were incubated
at room temperature for 15 min in the dark. Finally the binding buffer, 900 ul, were

put into it and mixed for further processing.

Mitochondrial membrane potential and reactive oxygen species (ROS)
measurement (Xiang et al., 1996)

For mitochondrial membrane potential (AW) and intracellular ROS
measurement, 5x10° cells were incubated for 15 minutes at 37 °C with 3,3'-
dihexyloxacarbocyanine iodide [Di0g(3), 40 nM]}, or 2°,7’-dichlorofluorescein

diacetate {DCFH-DA, 5 uM) followed by FACScan (Becton Dickinson) analysis.

Agarose gel electrophoresis (Gorzyca et al., 1993)

After HL-60 cells were treated with curcumin or the antioxidants, the cells were
collected and centrifuged down at 200 x to yield the cell pellets. The precipitated cells
were used for further process. The cells were lysed by using 0.25% Igepal in TBE
(Tris-borate EDTA buffer). Then ribonuclease A (RNase A) was added to the final
concentration of 1 pug/mi, incubated at 37 °C for 30 min. After that, the proteinase K
was put into the Jysate to the concentration of 0.1 mg/ml, and incubated at 37 °C for
further 30 min. The loading dye buffer was finally added to the mixture of cell lysate
and was then applied to 2 % agarose gel. The electrophoresis was processed in the
condition of 60 volits for 4 h, then the gel was stained with ethidium bromide for 135
min and destained with distilled water for 30 min. Finally the DNA cleavage band or

ladder pattem was observed under UV transilluminator.
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If the bands were so smeared due to the ribonucleic acid (RNA), the smear was
got rid off by incubating with the RNase (20 mg/ml) in TE (tris-EDTA) buffer

overnight.

Statistical Analysis
The duplicate tests were performed independently in 3 experiments and
analyzed based on Kruskal Wallis analysis (one way ANOVA). For the two variables

the data were analyzed by using two way ANOVA.

Results

The effect of antioxidants on HL.-60 cell apoptosis

When the HL-60 cells were treated with vitamin C at various concentrations, it
was found that vitamin C did not cause the cells to die more than control. Then the
cells were treated with vitamin C simultaneously with curcurnin, it reduced the
apoptotic cells at doses of 56, 560 nM and 5.6 pM. Thus, vitamin C had protective
effect on apoptotic cell death as shown in Fig. 1A, but it was statistically non-
significant (p>0.05 by Kruskal Wailis analysis).

When the cells were treated with vitamin C for ! and 2 days, it was
demonstrated that the percentages of apoptotic cells were increased at atl .
concentrations of vitamin C (56, 560 nM, 5.6 and 56 uM) on day 2. This meant that
vitamin C was not able to inhibit the apoptosis on day 2 (Fig. 1B). The number of

apoptotic cells on day 1 and day 2 was not different significantly at various

concentrations of vitamin C (p>0.05 by two way ANOVA).
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When the HL-60 cells were treated with vitamin C first for 1 day and then with
curcumin for another day, it was found that the percentage of apoptotic cells was
increased when compared to treatment with vitamin C alone except at 56 nM vitamin
C (Fig. 1C; gray bars). It meant that the treatment of vitamin C first for a day could not
prevent cells from apoptosis, but it increased the number of apoptotic cells. The
pretreatment of vitamin C had a synergistic effect on apoptosis when induced with
curcumin except at the concentration of vitamin C at 56 and 560 nM which could
reduce the number of cell death compared to treatment with curcumin alone (Fig. 1C;
black bars). Hence, at these two concentrations, it inhibited HIL-60 cell apoptosis.
However, it was not significantly different (p>0.05).

Another antioxidant compound that was used to test in the experiment was
Trolox which is a water-soluble vitamin E. It was found that when the HL-60 cells
were treated with Trolox alone, it did not cause cells to die more at doses of [, 10, and
100 uM but at concentration of 1 mM it caused the cells to undergo apoptosis 4 folds
compared to control (without any treatment). However, in the status of treatment with
curcumin 10 pM, it was found that Trolox caused the cells to undergo apoptosis more
than control {curcumin 10 pM alone) at 10 uM, 100 uM, and 1 mM; whereas at the
concentration of 1 pM it reduced the number of apoptotic cells. This meant that
Trolox had dual effect. It was a prooxidant at 10 and 100 uM and 1 mM and showed
the inhibitory effect of HL-60 cell apoptosis at I uM when compared to the number of
apoptotic cells treated with curcumin alone as shown in Fig. 1D. However, it was not
significantly different (p>0.05). )

Glutathione (GSH), an antioxidant found mainly in the red blood cells and also

in other mammal cells, was used to test the inhibitory or stimulatory effect on HL-60
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cell apoptosis induced by curcumin. It was found that GSH could reduce the number
of apoptotic cells compared to the system when treated with curcumin alone as shown
in Fig. 1E. It was statistically significant (p<0.05) when analyzed by Kruskal Wallis
analysis. When considering the effect of GSH alone on HL-60 cell apoptosis, it could
reduce the number of apoptotic cells at 1, 10, and 100 uM compared to control.

The effect of N-acetylcysteine on HL-60 cell apoptosis induced by curcumin
(10 uM) was shown in Fig. 1F. NAC had dual effect, i.e., at concentrations of 1, 10 4
M and 1 mM, it reduced the number of cell death compared to that treated with
curcumin alone. Meanwhile at concentration of 100 uM, NAC enhanced the number
of apoptotic cells, i.e., it had synergistic effect with curcumin in inducing apoptosis in
HE-60 cells. However, it was not significantly different (p>0.05). When considering
the effect of NAC alone (without curcumin treatment), it could decrease the number of
apoptotic cells at 1, 10, 100 M and 1 mM.

The statistical values and significance of each antioxidant were summarized in

Table 1, which were from Kruskal Wallis analysis.

The combined effect of antioxidants on HL-60 cell apoptosis

The combined effect of vitamin C and Trolox on HL-60 cell apoptosis induced
by curcumin (10 uM) was shown in Fig. 2A. It was found that at 1 mM of Trgjox , it
enhanced the number of apoptotic cells significantly compared with that at
concentration of Trolox at 1, 10, and {00 uM._ When analyzed by using two way
ANOVA, it was shown that the number of apoptotic cells was significantly different in

vanious concentrations of Trolox and at different concentrations of vitamin C (p<0.03).
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The effect of Trolox and NAC on HL-60 cell apoptosis induced by curcumin
(10 uM) was demonstrated in Fig. 2B. At the concentration of Trolox at 1 mM it
showed the synergistic effect to cause HL-60 cells to die more than the other
concentrations of Trolox when combined with NAC. That meant at 1 mM of Trolox it
acted as a potent prooxidant. However, it was not statistically different (p>0.05).

The effect of Trolox and GSH on HL-60 cell apoptosis induced by curcumin
(10 uM) was shown in 2C. The pattern of changes in apoptotic cells was similar to the
previous ones, i.¢., at 1 mM of Trolox, it enhanced the number of apoptotic celis
significantly and could be concluded that at this concentration, it is a prooxidant. It
was statistically different (p<0.05).

For the effect of GSH and NAC on HL-60 cell apoptosis induced by curcumin,
it was found that at GSH 10 uM had the highest effect in enhancing the percentage of
apoptotic cells, the second potent prooxidant was at 100 uM of GSH and the least
potent concentration was at 1 pM as shown in Fig. 2D. It was not statistically
different (p>0.03).

The effect of vitamin C and GSH on HL-60 cell apoptosis induced by curcumin
(10 uM) was shown in Fig. 2E. It was found that at the concentration of vitamin C at
56 uM, it could increase the percentage of apoptotic cells whereas the second potent
concentration of vitamin C was at 5.6 uM, which enhanced the number of apoptotic
cells but less than the concentration at 56 pM. However, it was not statistically
significant (p>0.03).

The combined effect of vitamin C and NAC on HL-60 cell apoptosis induced
by curcumin 10 mM was shown in Fig. 1F. At doses of NAC 1 and 10 uM and at

concentration of vitamin C at 5.6 and 56 uM, HL-60 cells underwent apoptosis more
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than other concentrations but at vitamin C of 560 nM and NAC at 100 uM had the high
percentage of apoptotic cells as well. So, the number of apoptotic cells depended on
the concentration of both vitamin C and NAC. The relationship of different
concentrations of vitamin C and NAC on HL-60 cell apoptosis was significantly
different (p<0.05).

The statistical values and significance of combined antioxidants were

summarized in Table 2, which were analyzed by using two way ANOVA,

Gel electrophoresis

There was no ladder pattern when the HL-60 cells were treated with
antioxidants (vitamin C, Trolox, NAC or GSH) at various concentrations alone or
combined with curcumin at 10 uM (data not shown). HL-60 cells treated with
curcumin 1Q, 15 and 30 uM, showed small DNA fragment which was the initial band
at low molecular weight of the ladder pattern as shown in lane 6, 7, and 8, respectively

(Fig. 3).

The mechanism of HL-60 cell apoptosis induced by curcumin

A reduction of mitochondrial membrane potential was noted within 4 hours of
curcumin induction as shown in Fig. 4. Upper left picture showed the membrane
potential of mitochondria in the HL-60 cells without curcumin treatment. When
curcumin was added to the system at 10, 20, and 30 uM, there was a decrease i'n
membrane potential in a dose response manner. Furthermore, when the incubation

-

time with curcumin was increased to 24 hours, it was found that the decrease in
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membrane potential was more than at 4 hours, which was in a time dependent manner
as shown in Fig. 5 at 20 and 30 pM of curcumin treatment.

When HL-60 cells were treated with 50 pM of LY294002, a PI3K inhibitor, for
50 min, before curcumin (20 uM) treatment for 4 h. The reduction in mitochondrial
membrane potential was up to 46.29% which meant that it increased the HL-60 cell
apoptosis compared to that treated with curcumin (20 uM) alone (31.15%) as shown
in Fig. 6.

Finally when the HL-60 cells were treated with PD98059 (a MEK or MAP
kinase kinase inhibitor), it caused more in the reduction of mitochondrial membrane
potential when compared to the system that treated with curcumin (20 pM) alone as
shown in Fig. 7. When treating the cells with PD98059 (10 uM) and then with
curcumin (20 pM),the mitochondrial membrane potential reduction was 40.02%, at 20
uM of PD it was 32.90%, and at PD 50 uM its reduction was 32.89%. It seemed that
at low concentration of PD it could cause or enhance the reduction more than higher
concentrations compared to 20 and 50 uM. The most effectiveness of cell death
enhancement was at 10 uM of PD98059.

It was found that there was production of hydrogen peroxide and peroxide
radicals when DCFH-DA changed to DCF and measured by flow cytometer as shown
in Fig. 8. The highest amount of ROS was found at 10 uM and then it decreased due
to the fragmentation of nuclei and cytoplasm to form apoptotic bodies as evidenced by
agarose gel electrophoresis pattern (Fig. 3) and the morphology of the cells when
stained with propidium todide (data not shown). Another reason is that the apoptotic
cells underwent secondary necrosis, which mz:de fluorescence be jower in intensity

{not accumulated in the celis).
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Discussion

Curcumin is the major compound of food flavoring turmeric (Curcuma longa
Linn.), and has been used as a herbal medicine. Curcumin shows a variety of
physiological effects, and several studies indicate that curcumin is anticarcinogenic
{Conney et al., 1991), and anti-inflammatory (Huang et al., 1991). Curcumin further
shows antioxidant properties: curcumin acts as a superoxide raidcal scavenger (Reddy
and Lokesh, 1994, Ruby et al., 1995) and as a singlet oxygen quencher (Das and Das,
2002). Contrary to the antioxidant nature of curcuminoids, much evidence for
cytotoxic properties of curcumin was reported, and its cytotoxicity 1s suggested to be
due to the production of reactive oxygen species.

Curcumin-mediated apoptosis of HL-60 cells was closely related to the increase
in the concentration of reactive oxygen species in cells. Generation of reactive oxygen
species may be a key factor of induction of apoptosis by curcumin. The effect of
antioxidants on HL-60 cell apoptosis induced by curcumin was nonconclusive and
required further study. In this process, there was an increase in oxidative stress as
shown by the increase in fluorescence of the dye (DCFH-DA to be DCF). The
existence of oxidative stress was confirmed that there was hydrogen peroxide and
peroxide radical production. But the effect of vitamin C, Trolox, NAC and GSH could
have various effects, not just protection of the cells from apoptosis as expected since
they all are antioxidants. So, the mechanism of curcumin in inducing apoptosi; was
complicated. Concerning the combined effect of antioxidants on HIL-60 cell apoptosis
induced by curcumin, it indicated that Trolox acted as prooxidant rather than
antioxidant when combined with vitamin C (p<0.05) or combined with GSH {p<0.05)

as shown in Fig. 2A and Fig. 2C, respectively. The prooxidant effect was also
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observed in the combination of vitamin C and NAC (p<0.05) as shown in Fig. 2F.
However, the single effect of each antioxidant was not significantly different except
GSH compared to the treatment with curcumin alone.

The apoptotic death of HL-60 cells demonstrated the appearance of fragmented
DNA as shown by the initial band at the low molecular weight of DNA ladder pattern
the same as that of positive control (HL-60 cells treated with camtothecin) as shown in
Fig. 3. Por the mechanism of apoptosis in the system, we found the decrease in
mitochondrial membrane potential as depicted in Fig. 4 and Fig. §, which was in a
dose- and time-response manner.

We studied the effect of 1.Y294002 (PI3K inhibitor) and found that it enhanced
the mitochondrial membrane potential reduction which meant that the number of
apoptotic cells was increased. The mechanism involved PI3K of apoptosis was as
foliowed. In the presence of trophic factor, binding of trophic factors stimulates P1-3
kinase activity, leading to activation of the downstream kinase Akt, which
phosphorylates Bad. Phosphorylated Bad then forms a complex with the 14-3-3
protein. With Bad sequestered in the cytosol, the antiapoptotic Bcl-2/Bak-x1 proteins
can inhibit the activity of Bax, thereby preventing the release of cytochrome ¢ and
activation of the caspase cascade (Lodish et al., 2000). In the presence of LY294002, it
would inhibit PI3K and induced caspases leading to apoptosis that enhanced the
reduction in mitochondrial membrane potential and produced more apoptotic cells
(Fig. 6), thus, PI3K is in the signal transduction cascade of HL-60 cell apoptos'is. On
the contrary, the effect of MEK in the signaling pathway was considered direcily.

Since the curcumin-induced apoptosis was not inhibited by MEK inhibitor (PD98059)
{Fig. 7), it meant that the apoptosis was not via this mediator but through the PI3K. It

was reported that mitogen activated protein kinase (MAPK) and phosphotidylinositol-
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3-kinase (PI3K/PKB) pathway were relevant to the induction of apoptosis by curcumin
in breast cell lines (Squires et al., 2003). However, in HL-60 cells it was not via
MAPK when compared to breast cell lines (even though it was the same stimulant, i.e.,
curcumin). Thus, it depends on the types of cells as well. This was the first report of
the roles of combined antioxidants and PI3K on HL-60 cell apoptosis induced by
curcumin.

Compared to the concurrent report (Yoshino et al., 2004) as mentioned above,
we found that in the system of curcumin-induced apoptosis in HL-60 cells, the
oxidative stress existed. Hydrogen peroxide and peroxide radicals were detected by
the change of DCFH-DA (nonfluorescence) to be DCF (fluorescence) when there were
free radicals in the system as shown in Fig. 8. At 10 uM of curcumin, the amount of
ROS was highest that was consistent with Yoshino’s work, but in ours the reduction of
ROS production at 20 and 30 pM was found. The reduction of ROS corresponded to
the morphology of the cells, which showed apoptotic bodies or fragmented bodies
under fluorescence microscope (data not shown) and the appearance of fragmented
DNA as shown in Fig. 3. The fragmentation could cause less fluorescence per cells or

particles when detected with flow cytometer.

In concluston, each antioxidant and combined antioxidants had different effect on
curcumin-induced HL-60 cell apoptosis. Of note, Trolox acted as a prooxidant in
addition with vitamin C and GSH. PI3K was in the signal transduction pathway of

HL-60 cell apoptosis induced by curcumin.
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Table | Statistical values of each antioxidant by Kruskal Wallis analysis

Antioxidant p value Significant
Vitamin C 0.261 No
Trolox 0.060 No
GSH 0.031 Yes
NAC 0.263 No

Table 2 Statistical values and significance of combined antioxidants by two way

ANOVA.

Antioxidants p value Significant
Vitamin C + Trolox 0.001 Yes
Trolox + NAC 0.932 No
Trolox + GSH 0.001 Yes
GSH + NAC 0.322 No
Vitamin C + GSH 0.201 No
Vitamin C + NAC 0.002 Yes
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Fig. 1 The effect of antioxidants on HL~60 cell apoptosis. A. HL-60 cells were treated
with/without curcumin (10 uM) and with vitamin C at 0, 56, 560 nM and 5.6 uM. B.
Cells were treated with vitamin C for | and 2 days at various concentrations (0, 56, 560
nM, 5.6 and 56 pM) C. The effect of vitamin C on HL-60 cells when treated with
vitamin C for a day and then with curcumin (10 uM) for another day. D. The effect of
Trolox on HL-60 cell death at various concentrations (1, 10, 100 uM and 1 mM) and in
the status of treatment with curcumin (10 uM). E. The effect of GSH on HL-60 cells
when treated with GSH at 1, 10, 100 uM in the status of treatment with/without
curcumin (10 pM) (p<0.05). F. HL-60 cells were treated with NAC at 0, 1, 10, 100 p
M and 1 mM in the status of with/without curcumin (10 uM). When analyzed with
Kruskal Wallis analysis, it was significantly different in the group of GSH and
curcumin treatment (Fig. 1E: black bars).
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Fig. 2 The combined effect of antioxidants on HL-60 cell apoptosis. A. The effect of
vitamin C and Trolox. It was significantly different (p<0.05). B. The effect of NAC
and Trolox. It was not significant (p>0.05). C. The effect of GSH and Trolox. It was
significantly different (p<0.05). D. The effect of NAC and GSH. It was not significant
(p>0.05). E. The effect of GSH and vitamin C. It was not significant (p>0.05). F. The
effect of NAC and vitamin C. It was significantly different (p<0.05).
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Fig. 3 Agarose gel electrophoresis pattern of HL-60 cells treated with vitamin C and
curcumin simultaneously. Lane | HL-60 cells treated with camtothecin; lane 2
negative control; lane 3 HL-60 cells treated with vitamin C 56 nM + curcumin 10 uM;
lane 4 HL-60 cells treated with vitamin C 0.56 pM + curcumin 10 pM; lane 5 HL-60
cells treated with vitamin C 5.6 pM + curcumin 10 pM. Lane 6 HL-60 cells treated
with curcumin 10 pM; lane 7 HL-60 cells treated with curcumin 15 uM; lane § HL-60
cells treated with curcumin 30 uM. Lane 9 was HL-60 cells treated with camtothecin.
Lane 10 negative control (without treatment); lane 11 HL-60 cells treated with 0.1 mM
hydrogen peroxide; lane 12 HL-60 cells treated with 1 mM hydrogen peroxide; lane 13
HL-60 cells treated with10 mM hydrogen peroxide. There was ladder pattern in lane |
and 9, which were positive control. Lane 6-8 (HL-60 cells treated with curcumin 10,
15 and 30 uM, respectively) showed small DNA fragment which was the initial band at
low molecular weight of the ladder pattern~ Lane 11 also demonstrated of ladder
pattern (0.1 M hydrogen peroxide treated cells).
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Fig. 4 Reduction of mitochondrial membrane potential when HL-60 cells were treated
with curcumin at 0, 10, 20 and 30 uM for 4 h. Aliquots of 1x10°% cells were incubated
with 3,3’-dihexyloxacarbocyanine iodide [DiOCg¢(3), 50 nM] and analyzed by flow
cylometry. The percentages reflected the reduction of mitochondrial membrane
potential. -
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Fig. 5 Reduction of mitochondrial membrane potential when HL-60 cells were treated
with curcumin at 0, 10, 20 and 30 uM for 24 h.
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Fig. 6 The pattern of mitochondrial membrane potential when HL-60 cells were
pretreated with 1.Y294002 (PI3K inhibitor) at 10, 20 and 50 uM for 50 min and then
with curcumin at 20 UM for 4 h or with curcumin 20 uM alone for 4 h or with
LY294002 50 uM alone for 4 h. Then DiOC4(3) was added at 40 nM for 1[5 min at 37
°C and measured for mitochondrial membrane potential by using flow cytometry as
mentioned in Matertals and Methods.
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Fig. 7 The effect of PD98059 (MEK or MAP kinase kinase inhibitor) on HL-60 cell
apoptosis induced by curcumin. HL-60 cells were pretreated with PD98059 for 50 min
and then incubated with curcumin (20 uM) for 4 h. The HL-60 cells treated with
curcumin (20 pM) alone or PD98059 alone (50 uM) were compared. The

mitochondrial membrane potential was measured as mentioned in Materials and
Methods.
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Abstract

Curcumin is the main biologically active phytochemical compound in turmeric.
Curcumin - has anti-inflammatory, antioxidant, anticarcinogenic and antiproliferative
activities. The research aims were to identify the mode and mechanism of cell death of
human promyelocytic leukemic (HL-60) cells induced by curcumin and to determine the
effects of vitamin C, Trolox, reduced glutathione (GSH) and N-acetylcysteine (NAC) on this
process. HL-60 cells were incubated with curcumin for 24 h and apoptotic ceils were
quantitated by flow cytometry following staining with annexin V-FITC and propidium
iodide. Curcumin induced apoptosis in a dose-dependent manner, which was also confirmed
by the decrease in mitochondrial membrane potential. PI3K inhibitor (LY294002) and MEK
inhibitor (PD98059) had the effect on the apoptotic cell death induced by curcumin (20 pM).
There was an increase in free radical generation, as measured by dichlorofluorescein
diacetate and flow cytometry, indicating the existence of oxidative stress in curcumin-treated
HL-60 cells. In the presence of 10 pM curcumin, vitamin C (56 nM, 560 nM and 5.6 pM),
and GSH (10 uM, 100 puM and 1 mM) reduced the number of apoptotic cells, but NAC and
Trolox had a dual effect, being protective at | pM, 10 uM and I mM for NAC and 1 pM for
Trolox; and synergistic at 100 uM for NAC and 10, 100 uM and 1 mM for Trolox. .

Keywords: apoptosis, curcumin, HL-60 cells, PI3K inhibitor, MEK inhibitor, antioxidants

Abbreviations: HL-60 cells, human promyelocytic leukemic ;;ells; GSH, glutathione; NAC, N-
acetylcysteine; PI3K, phosphotidylinositol 3-kinase; MAPKX, mitogen activated protein kinase
kinase

Introduction

Apoptosis is a physiological suicide mechanism that preserves homeostasis, in which
cell death naturally occurs during tissue turnover (1). It is the most common form of
eukaryotic cell death. Cells undergoing apoptosis display profound structural changes,
including plasma membrane blebbing and nuclear disintegration. The nuclear change is
associated with extensive damage to chromatin and DNA cleavage into nucleosomal-length
DNA fragments after activation of calcium-dependent endogenous endonucleases (2).
Apoptosis is essential in many physiological processes, including the embryonic development
and the maturation of immune system (3). It is currently the subject of intense research,
partially because tumor cells are susceptible to death by apoptosis in response to drugs and/or
radiation treatment.

International Colloquium 2004, Heaith Benefits and Applications of Polyphenols, November 25"-26", 2004
Faculty of Associated Medical Sciences, Chiang Mai University, Chiang Mai, Thailand



Banjerdpongchai R. and Wilairat P. / Curcumin Induced Apoptosis in HL-60 Cells 4

Curcumin, also known as diferuloylmethane (1,7-bis-(4-hydroxy-3-mcthoxyphenyl)—E
1,6-heptadiene-3,5-dione), is the major yellow pigment extracted from turmeric, which is|
used extensively in curries. Its properties as a coloring and flavoring agent have led to uses)
as a dietary additive in variety of foods (4, 5). Extracts containing curcumin have also been '
used in medicines in India and Southeast Asia for generations, and according to tradition are -
useful in the treatment of inflammation, skin wounds, hepatic and biliary disorders, cough, as
well as certain tumors (6).

Since there was a report that curcumin-mediated apoptosis was related to the i increase
in intracellular reactive oxygen species (7). We aimed to demonstrated the effect of four:
antioxidant molecules, i.e. ascorbic acid, glutathione (GSH), N-acetylcysteine (NAC) and .
Trolox (a water soluble vitamin E), on HL-60 cell apoptosis. Moreover, since many
researchers studied of the mechanisms of curcumin-induced apoptosis in HL-60 cells and -
reported of the significance of mitochondrial leakage of cytochrome. It was intriguing fto
study whether the mitochondrial membrane potential changed and the role of PI3K and
MEK/MAPKX in the apoptotic cell death in HL-60 cells induced by curcumin., '

Materials and Methods

RPMI-1640 and fetal bovine serum were obtained from Gibco-BRL. Annexin V-
FITC kit was obtained from Roche. Curcumin (1,7-bis{4-hydroxy-3-methoxyphenyl]-1,6-
heptadiene-3,5-dione),  glutathione,  N-acetylcysteine, vitamin C and 3,3’-
dihexyloxacarbocynine iodide or DiOg(3) were obtained from Sigma. Trolox was obtained
from Aldrich. LY294002 and PD98059 were obtained from Calbiochem.

Cell culture and treatment

HL60 cells were cultured in 10% fetal bovine serum in RPMI-1640 medium
supplemented with penicillin G (100 units/ml) and streptomyein (100 pg/ml) and incubated at
37 °C in a humidified atmosphere containing 5% CO,. The preconfluent (growth phase) cells
were treated with curcumin (at concentrations as indicated) for 24 hours. Diluted curcumin
solutions were prepared in alcohol (0.5% final concentration). It was found that 0.5% alcohol
did not affect cell viability. After incubation the cells with curcumin for 24 hours, the cells
were examined undgr fluorescence microscope and processed through flow cytometry.

In the conditions of treatment with the antioxidant, vitamin C or Trolox or N-
acetylcysteine or glutathione, it was added simultaneously with curcumin (10 pM). The
concentrations of vitamin C were varied from 56 nM, 560 nM, 5.6 pM, and 56 pM. For
Trolox, the concentrations were varied from 1 pM, 10 uM, 100 pM, and | mM. For Nacetyl-
cysteine, the concentrations were 1, 10, 100 uM and | mM. For glutathione, the doses were
i, 10, and 100 pM. Then the cells were processed with flow cytometer.

HL-60 cells were pretreated with LY294002 or PD98059 at 10, 20 and 30 uM for 50
minutes and then with curcumin at 20 uM for 4 hours or with curcumin 20 uM alone or with
LY294002 or PD%8059 at 50 uM alone for 4 hours. Then DiOCs(3) were added at 40 nM for
15 minutes at 37 °C and measured for mitochondrial membrane potential.

Flow cytometry (8)

HL60 cells were collected at the concentration of 10° cells. The cells were washed
once and then centrifuged at 200 x g to get the cell pellets which were resuspended in 100 uf
of the binding buffer provided by the reagent kit. Annexin V-FITC (2 ul) and propidium
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todide (2 pul) were added in each tube. Then they were incubated at room temperature for 15
min m the dark. Finally the binding buffer, 900 pl, were added and mixed for further
processing.

Mitochondrial membrane potential measurement (9)

For mitochondrial membrane potential (A'¥) and intracellular ROS measurement,
5x10° cells were incubated for 15 minutes at 37 °C with 3,3’-dihexyloxacarbocynine iodide
[Di06(3), 40 nM] followed by FACScan (Becton Dickinson) analysis.

Sratistical Analysis

The tests were performed in duplicate independently in 3 experiments and analyzed
based on Kruskal Wallis analysis (one way ANOVA). For the two variables the data were
analyzed by two way ANOVA.

Results

When the cells were treated with vitamin C simultaneously with curcumin, it reduced
the apoptotic cells at dose 56, 560 nM and 5.6 uM. Thus, vitamin C had protective effect on
apoptotic cell death as shown in Fig. 1A. It was statistically non-significant (p>0.05). But
when the cells were treated with vitamin C for I and 2 days, it was demonstrated that the
percentages of apoptotic cells were increased at all concentrations of vitamin C (56, 560 ni,
5.6 and 56 uM). This meant that vitamin C was not able to inhibit the apoptosis on day 2
(Fig. 1B). The number of apoptotic cells on day 1 and day 2 was not different significantly
(p>0.05).

Then the HL-60 cells were treated with vitamin C first for 1 day and then with
curcumin for another day, it was found that the percentage of apoptotic cells was increased
when compared to treatment with vitamin C alone (Fig. 1C). It meant that the treatment of
vitamin C first for a day could not prevent cells from apoptosis.but in contrast it increased the
number of apoptotic cells. Hence, the pretreatment of vitamin C had a synergistic effect on
apoptosis when induced with curcumin except at the concentrations of vitamin C at 56 and
560 nM which could reduce the number of cell death compared to treatment with curctumin
alone. However, it was not significantly different (p>0.05).
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Fig. 1 The effect of antioxidants on HL-60 cell apoptosis. A, HL-60 cells were treated with/without curcumin *

{10 pM) and with vitamin C at 0, 56, 560 nM, and 5.6 pM. B. Cells were treated with vitamin C for 1 and 2
days at concentrations of 0, 56, 560 nM, 5.6 and 56 uM, C. The effect of vitamin C on HL-60 cells when
reated with vitamin C for a day and then with curcumin (10 pM) for another day. D. The effect of Trolox on
HL-60 cell death at various concentrations (i, 10, 100 uM and 1 mM) and in the status of treatment
with/without curcumin (10 pM). E. The effect of GSH on HL-60 cells when treated with GSH at 1, 10, 100
uM and with/without curumin (10 uM). F. HL-60 cells were treated with NAC at 0, I, 10, 100 1M and | mM
int the status of with/without curcumin (10 uM).

It was found that when the HL-60 cells were treated with Trolox alone, it did not
cause cells to die more at doses of 1, 10, and 100 pM but at concentration of 1 mM it caused
the cells to undergo apoptosis 4 folds compared to control. However, in the status of
treatment with curcumin 10 pM, it was found that Trolox cause the cells to undergo apoptosis
more than control (curcumin 10 pM alone) at 10 uM, 100 uM, and 1 mM; whereas at the
concentration of 1 pM it reduced the number of apoptotic cells. This meant that Trolox had
dual effect. It was a prooxidant at 10 and 100 pM and 1 mM and showed the inhibitory
effect of HL-60 cell apoptosis at 1 uM as shown in Fig. 1D. However, it was not
significantly different (p>0.05).

Glutathione (GSH), an antioxidant found mainly in the red blood cells and also in
other mammal cells, was also tested. It was found that GSH (at 1, 10, and 100 pM) could
reduce the number of apoptotic cells compared to the system when treated with curcumin
alone as shown in Fig. 1E. It was statistically significant (p<0.05).
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The effect of N-acetylcysteine on HL-60 cell apoptosis induced by curcumin (10 puM)
was shown in Fig. 1F. NAC had dual effect, i.e. at concentrations of 1, 10 uM and 1 mM
inhibited the HL-60 cell apoptosis. Whereas at concentration of 100 uM, NAC increased the
number of apoptotic cells, 1.e. it had synergistic effect with curcumin in inducing apoptosis in
HL-60 cells. However, it was not significantly different (p>0.05). :
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Fig. 2 The pattern of mitechondrial membrane potential when HL-60 cells were pretreated with LY294002 (2
PI3K inhibitor) at 10, 20 and 50 pM for 50 minutes and then with curcumin at 20 pM for 4 hours or with
corcumin 20 yuM alone or with LY294002 50 uM alone for 4 hours. Then DiOCy(3) were added at 40 nM for
15 minutes at 37 °C and measured mitochondrial membrane potential by using flow cytometry as mentioned in
Materials and Methods. -

When HL-60 cells were treated with 50 pM of LY294002 for 50 min then with
curcumin (20 uM) for another 4 h. The reduction in mitochondrial membrane potential was
up to 46.29% which meant that it increased the HL-60 cell apoptosis compared to that treated
with curcumin (20 uM) alone (31.15%) as shown in Fié. 2. But when the HL-60 ceils were
treated with PD98059 it caused more in the reduction of mitochondrial membrane potential
when compared to the system that treated with curcumin (20 uM) alone (data not shown).
When treating the cells with PD98059 (10 uM) the mitochondrial membrane potential
reduction was 40.02%, at 20 pM of PD98059 it was 32.90%, and at PD98059 50 uM its
reduction was 32.89%. It seemed that at low concentration of PD98059 it could cause or
enhance the reduction more than at higher concentrations. The most effectiveness of cell
death enhancement was at 10 uM of PD98059.

Discussion
Curcumin 1s the major compound of food flavoring turmeric (Curcuma longa Linn.),
and has been used as a herbal medicine. Curcumin shows a variety of physiological effects,

International Colloguium 2004, Health Berefits and Applicarions of Polyphenols, November 25™-26", 2004
Faculty of Associated Medical Sciences, Chiang Mat University, Chiang Mai, Thailand



* Banjerdpongchai R. and Wilairat P. / Curcumin Induced Apoptosis in HL-60 Cells 8

and several studies indicate that curcumin to be anticarcinogenic (10), and anti-inflammatory
(I11). Curcumin further shows antioxidant properties: curcumin acts as a superoxide radical
scavenger (12, 13) and as a singlet oxygen quencher (14). Contrary to the antioxidant nature
of curcuminoids, much evidence for cytotoxic properties of curcumin was reported, and its
cytotoxicity is suggested to be due to production of reactive oxygen species,

Curcumin-mediated apoptosis of HL-60 cells was closely related to the increase in the
concentration of reactive oxygen species in cells. Generation of reactive oxygen species may
be a key factor of induction of apoptosis by curcumin. The effect of antioxidants on HL-60
cell apoptosis induced by curcumin showed many aspects of unclearness. Since in this
process, there was an increase in oxidative stress as shown by the increase in fluorescence of
the dye (DCFH-DA to be DCF) (7). The existence of oxidative stress was confirmed that
there were hydrogen peroxide and peroxide radical production. . But the effect of vitamin C,
Trolox, NAC and GSH could have various effects, not just protection of the cells from
apoptosis as they all are antioxidants.- But some of them also contained prooxidant effect.
The mechanism of action of curcumin in inducing apoptosis was complicated.

For the mechanism of apoptosis in HL-60 cells, we found the decrease in
mitochondrial membrane potential that was in a dose- and time-response manner {data not
shown). We studied the effect of LY294002 (a PI3K inhibitor) and found that it enhanced the
membrane potential reduction, which meant that the numbér of @poptotic cells was increased.
The mechanism involved the PI3K of apoptosis was as followed. In the presence of trophic
factor, binding of trophic factors stimulates PI-3 kinase activity, leading to activation of the
downstream kinase Akt which phosphorylates Bad. Phosphorylated Bad then forms a
complex with the 14-3-3 protein. With Bad sequestered in the cytosol, the antiapoptotic Bel-
2/Bak-x] proteins can inhibit the activity of Bax, thereby preventing the release of
cytochrome ¢ and activation of the caspase cascade (15). Thus, PI3K is in the inhibitory
cascade of apoptosis. In the presence of 1Y294002 it would inhibit PI3K and induced
apoptosis that caused more apoptotic cells (Fig. 2). At the same time, the effect of
MAPKK/MEK in the signal transduction pathway was examined. Since the curcumin-
induced apoptosis were not inhibited by PD98059, it meant that the apoptosis was not via this
mediator but through the PI3K. It was reported that mitogen activated protein kinase
{(MAPK) and phosphotidylinositol-3-kinase (PI3K/PKB) pathway were relevant to the
induction of apoptosis by curcumin in breast cell lines (16). This was the first report of the
roles of four antioxidants and PI3K on HL-60 cell apoptosis induced by curcumin. Should
curcumin be used in the clinical aspects requires further in vivo experiments.
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CURCUMIN-INDUCED HL60 CELL NECROSIS IN vITRO
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Background Curcumin is the main biologically active phytochemical compound in
turmeric. Curcuminoid (ethanolic extract) was found to contain curcumin: demethoxycurcu-
min: bisdemethoxycurcumin equaled to 48:21:31. The curcuminoid (isopropanolic extract)
was found to have the three compounds at the ratio of 86:13:1. Curcumin (commercial grade, ~
e.g. Sigma) contained the three components in the ratio of 77:20:3, respectively. Curcumin
has anti-inflammatory, antioxidant, anticarcinogenic and antiproliferative activities.

Objective To identify the mode and amount of cell death induced by curcummmds and
curcumin on human promyelocync leukemic (HL60) ceils.

Methods HL60 cells were incubated with curcumin (Sigma) or curcummmds (ethanollc
or isopropanolic extracts) at 1, 10, 100 ng/mL and 1, 10 pg/mL and the mode of cell death
was determined by using annexin V-FITC and propidium iodide staining and flow cytometry.
The cells were incubated with curcumin or curcuminoids (ethanolic or isopropanolic extracts)
for 1 or 2 days and the percentages of cell death were compared, :

Results Curcumin (Sigma) induced HL60 to undergo necrotic cell death (95.1%) at 10
pg/mL. At the concentration of 1 ng/mL-1 pg/mL, the number of cell death was not signifi-
cantly different from control (without treatment). When the incubation time was increased to
2 days, the cells which died via necrosis reached 96% at 10 pg/mL. Therefore, the incubation
time was chosen to be 1 day through out the study. HL60 cells underwent greater level of
necrosis at high concentrations (and 10 pg/mL) of the three compounds than at lower
concentrations (1, 10, 100 ng/mL) (p < 0.05). It was found that curcumin (Sigma) exhibited
the dose response relationship of inducing necrosis at the concentration of 1, 2, 4 and 8 ug/
mL. The percentages of necrotic cell death due to the ethanolic extract, isopropanolic extract
and curcumin (Sigma) at the concentration of 10 pg/mL were 25, 98 and 95%, respectively.
The most potent preparation was isopropanolic extract whereas the least effective was
cucuminoid (ethanolic extract).

Conclusion Curcumin could induce HL60 cells to undergo necrosis. Additional studies
are needed to determine whether curcumin and other curcuminoids will be useful as a
complementary treatment for human leukemia.
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The Effect of Antioxidants on HL60 Cell Death Induced by Curcumin
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Objective : To determine the effects of vitamin C, Trolox (vitamin E), glutathione
(GSH) and N-acetylcysteine (NAC) on death of human promyelocytic leukemic (HL60)
cells induced by curcumin.

Methods : HL60 celis were treated with vitamin C, Trolox, GSH, and NAC at various

concentrations for 24 hours (each alone) or simultaneously with curcumin. The -

numbers of dead cells and type of cell death were determined by flow cytometry and
staining with Annexin V-FITC and propidium iodide.

Results ;: Curcumin could induce necrotic HL60 cell death in a dose dependent manner
with maximal effect at 8 pg/ml which caused 95+5.4% (p<0.05) cells to die. The dose
of 4 pg/ml was chosen for further experiments as this caused cell death at 35.6210.5%.
Vitamin C caused a mild degree of necrosis (16.2:+3.6%) at 0.56 M. GSH and NAC
had no cytotoxic effect on HL60 cells at all the concentrations used. Trolox could
induce 21.3+3.7% and 82.4+13.5% HL60 necrosis at concentration of 100 uM and 1
mM, respectively (p<0.05). Vitamin C reduced the percentages of necrotic cell death
when treated in combination with curcumin (p>0.05). When added with curcumin Trolox
increased the amount of necrotic cell death (p<0.05). When treated with curcumin,
GSH could inhibit necrotic cell death (p<0.05) but not in a dose dependent manner.
However, NAC had a biphasic effect on curcumin-induced cell death, namely, NAC at
100 M was synergistic, but became inhibitory at lower and higher doses.

Conclusion : Vitamin C and GSH had inhibitory effects on curcumin-induced necrosis
of HL60 cells. On the other hand, Trolox had a pro-oxidant effect that synergistically
enhanced HL60 cell death, whereas NAC showed a biphasic effect depending on the
dose used. These phenomena should be taken into consideration should these
compounds be used in the treatment of leukemic diseases.
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