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Report

The antioxidant caffeic acid phenethyl ester induces
apoptosis associated with selective scavenging of
hydrogen peroxide in human leukemic HL-60 cells
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Caffeic acid phenethyl ester (CAPE), an active component
of propolis, has many biological and pharmacological
activities including antioxidation and tumor cell cytotoxi-
city. We examined the type of cell death in human
leukemic HL-60 cells after CAPE treatment in order to
elucidate the relationship between CAPE-induced altera-
tions of the redox state and apoptosis. CAPE treatment
(6 ug/ml) resulted in marked growth inhibition up to
70.3+4.0% at day 2. This inhibition was partially blocked
by pretreatment with N-acetyl-L-cycteine (NAC). Agarose
gel electrophoresis showed evident DNA fragmentation
after CAPE treatment. CAPE induced a significant decrease
in mitochondrial transmembrane potential to about half of
the untreated level after 6 h and a rapid depletion of
intracellular glutathione (GSH) down to 41.7+6.0% after
1 h. Pretreatment of HL-60 cells with NAC reversed the
GSH depletion and partially rescued cells from CAPE-
induced apoptosis. With regard to intracellular reactive
oxygen species, CAPE caused a fast and profound
scavenging of H,O, (19% of untreated cells after a 2-h
treatment) but not of superoxide anion. These results
suggest that apoptosis induced by CAPE is associated with
mitochondrial dysfunction, GSH depletion and selective
scavenging of H,O0, in human leukemic HL-60 cells. [©
2001 Lippincott Williams & Wilkins.]
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Introduction

Honeybee propolis has been widely used as a folk
medicine. Caffeic acid phenethyl ester (CAPE), an
active ingredient of propolis,' has a broad spectrum of
biological activities including antioxidant,>™* anti-in-
flammatory,””’ anti-viral actions,® prevention of re-
perfusion injury’ and anticancer effects."'*!!

Apoptosis of tumor cells can be induced via
different pathways by various treatments such as
irradiation,'> Fas/APO-1 ligand'> and cytotoxic
agents."*'> There is convincing evidence that dis-
turbance of mitochondrial function is involved in the
apoptotic processes.lé’17 Loss of mitochondrial trans-
membrane potential and a subsequent generation of
reactive oxygen species (ROS) have been demon-
strated as early events following induction of
apoptosis by various stimuli.'® However, several
reports have indicated that ROS alone activate
apoptosis, but are not required to execute the
apoptotic processes.l()’20 Glutathione (GSH), a major
intracellular thiol-containing antioxidant, maintains an
optimal cellular redox potential to protect cells
against oxidative stress.?’ One investigation has
shown that thiol depletion can effectively activate
caspase-3 and subsequently induce cancer cell
apoptosis.”> Taken together, these findings demon-
strate a close relationship between the cellular redox
state and execution of apoptosis.

CAPE has been observed to induce apoptosis in
transformed cells and cytotoxicity in oral cancer
cells,”® but the mechanism remains unclear. Differ-
ential cytotoxicity toward tumor cells has been
demonstrated through modulating the cellular redox
state.>> Hence, CAPE is a potent antioxidant as well as
an apoptosis-inducing agent; however, conceptually,
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these two activities seem to conflict. To elucidate the
relationship between these two activities, we assessed
changes in the redox state during CAPE-induced
apoptosis. In particular, we investigated whether
CAPE-induced apoptosis was accompanied with
changes in mitochondrial transmembrane potential,
intracellular GSH content, hydrogen peroxide (H,O,)
level and superoxide anion (O, ™) level inside human
leukemic HL-60 cells.

Materials and methods

Cell culture and treatments

The human myeloid leukemic cell line, HL-60, was
obtained from Dr MAS Moore (Memorial Sloan-Ketter-
ing Cancer Center, New York, NY). The cells were
cultured in RPMI 1640 medium (Gibco, Grand Island,
NY) supplemented with 10% heat-inactivated fetal calf
serum (Hyclone, Logan, UT), passaged every 3 days
and maintained in an exponential growth status. For
induction of apoptosis, the cells were incubated in 35-
or 100-mm Petri dishes at an initial concentration of
1 x 10°/ml and grown at 37°C in a humidified 5% CO,
incubator. CAPE was synthesized by Dr Ming-Shi Shiao
according to the procedure of Grunberger et al.' with
modification. Purified CAPE (=99%) was dissolved in
absolute ethanol (stock solution). CAPE (6 ug/ml) was
added to the cell cultures with a final ethanol
concentration of 0.1% v/v. In our previous studies,
this concentration of ethanol had no significant effect
on the growth of HL-60 cells. N-Acetyll-cysteine
(NAC) (Sigma, St Louis, MO) 15 mM was added 1 h
before CAPE treatment to examine the role of GSH in
CAPE-induced apoptosis. 12-O-Tetradecanoylphorbol-
13-acetate (TPA) (Sigma), stocked in dimethyl sulf-
oxide, was used as a positive control for the generation
of ROS.

Cell growth kinetics

After treatment with CAPE, cells were harvested by
gently rubbing the dishes with a rubber policeman
(Bellco Glass, Vineland, NJ). The numbers of viable
cells were counted on day 2 using a Trypan blue dye
exclusion test.

DNA extraction and gel electrophoresis

HI-60 cells (1 x 10%/ml) were lysed with 0.5 ml lysis
buffer (5 mM Tris-borate at pH 8.0, 0.25 ml Nonidet
P-40 and 1 mM EDTA), followed by the addition of
RNase (Sigma) at a final concentration of 20 pg/ml and
incubated at 37°C for 1 h. Cells were further treated
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with proteinase K (300 ug/ml) for another 1 h and
DNA was then isolated from the cultured cells as
described.* Electrophoresis was carried out on 1.5%
agarose gel in Tris-borate buffer (pH 8.0) containing
1 mM EDTA. The DNA on the gel was stained with
ethidium bromide.

Quantitation of apoptosis

Hypodiploid DNA was analyzed using propidium
iodide (PD staining and flow cytometry as in our
previous study.24 Both treated and untreated leuke-
mic cells were harvested, washed with PBS and re-
suspended (1 x 10%ml) in 1.5 ml hypotonic fluoro-
chromic solution (50 pug/ml PI in 0.1% sodium citrate
plus 0.1% Triton X-100) (Sigma) for 60 min at 4°C in
the dark. The PI fluorescence of individual nuclei was
analyzed by a FACSCalibur flow cytometer (Becton
Dickinson, Lincoln Park, NJ). As an estimate of the
proportion of apoptotic cells, the percentage of
hypodiploid cells in a population of 10000 cells
was calculated using ModFIT cell cycle analysis
software version 2.01.2 (Becton Dickinson, Lincoln
Park, NJ).

Analysis of mitochondrial transmembrane
potential

Mitochondrial transmembrane potential was assessed
by a modified method of Rottenberg et al®® using a
FACScalibur flow cytometer (Becton Dickinson).
Briefly, PBS-washed HL-60 cells were incubated with
40 nM 3,3"-dihexyloxacarbocyanine [DiOCg,] (Mole-
cular Probes, Eugene, OR) for 15 min at 37°C. Green
fluorescence (FL-1 channel) was measured to indicate
the change of mitochondrial transmembrane potential
with excitation and emission settings of 488 and
530 nm, respectively.

Fluorocytometric analysis of intracellular
GSH, H>0, and superoxide anion levels

Intracellular GSH, H,O, and superoxide anion levels
were assessed by staining with 5-chloromethylfluor-
escein diacetate (CMF-DA) (Molecular Probes), 2-7-
dichlorofluorescein diacetate (DCFH-DA) (Molecular
Probes) and dihydroethidine (HE) (Sigma), respec-
tively. Briefly, PBS-washed HL-60 cells were incubated
with 1 uM CMF-DA, 10 uM DCFH-DA or 10 uM HE for
15 min at 37°C before treatment with CAPE. Cells
were treated with CAPE 6 ug/ml and the fluorocyto-
metric analysis was performed every 10 min there-
after. The GSH and H,O, levels were measured with
the FL-1 channel (green fluorescence), and the super-



CAPE induces apoptosis and scavenges H,0, in HL-60 cells

oxide level was assessed with the FL-2 channel (red
fluorescence with excitation and emission settings of
488 and 585 nm). The CMF-DA was used to measure
the amount of intracellular non-protein thiol. Coates et
al. have reported that, using this method, the GSH
content is proportional to the amount of non-protein
thiol. 2

Statistics

Data are expressed as mean+SEM. An unpaired
Student’s #test was used to analyze the differences in
growth inhibition and apoptosis between CAPE-
treated cells with and without NAC pretreatment.
The time-dependent changes in intracellular GSH,
H,O, and superoxide levels between untreated and
CAPE-treated cells were evaluated by analysis of
variance with repeated measurements followed by
Bonferroni’s test.

Results
CAPE-induced growth inhibition was partially
blocked by pretreatment with NAC

Figure 1(a) demonstrates the growth inhibition of HL-
60 cells by CAPE (6 ug/ml) in the presence or absence
of NAC (15 mM). After 2 days’ incubation, the growth
inhibition of CAPE-treated cells was 70.34+4.0%
compared to the untreated cells. However, the growth
inhibition induced by CAPE was partially prevented by
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pretreatment with NAC (37.3+3.4%), a GSH precur-
sor.

Effect of CAPE on DNA fragmentation in
HL-60 cells

After treatment with 6 ug/ml CAPE for 2 h, a DNA
ladder was not detectable but became obvious at 6 h

(Figure 2).

Loss of mitochondrial transmembrane
potential by CAPE treatment

As shown in Figure 3, the mean of DiOCgs)
fluorescence intensity of untreated cells was
106.140.3. HL-60 cells exposed to 6 ug/ml CAPE for
only 30 min showed a sharp decline to 75.1 +2.9 and
further loss of DiOCgs, fluorescence down to
54.4+3.0 after 6 h. The decline of DiOCg, fluores-
cence intensity indicates the loss of mitochondrial
transmembrane potential in CAPE-treated HIL-60
cells.

Effect of CAPE on intracellular GSH level

After treatment with CAPE, the intracellular GSH level
decreased very rapidly, decreasing to be 57.0 +8.2% of
the level of untreated control cells at 30 min and
eventually down to only 41.7 + 6.0% after 60 min. This
depletion of GSH was, however, reversed by pretreat-
ment with 15 mM NAC (Figure 4).
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Figure 1. Effect of CAPE (6 ug/ml for 48 h) on growth inhibition (a) and apoptotic percentage (b) of HL-60 cells with or without
NAC (15 mM for 1 h) pretreatment. Data from four separate experiments are expressed as mean +SEM. *p<0.05 when the
extents of growth inhibition of NAC-pretreated cells were compared with CAPE-treated cells.
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The role of GSH in CAPE-induced
apoptosis

Since NAC prevented CAPE-induced GSH depletion
and partially blocked CAPE-induced growth inhibition,
we wondered whether GSH plays a role in CAPE-
induced apoptosis. Our results show that NAC partially

T

Figure 2. DNA fragmentation of HL-60 cells after CAPE
(6 pg/ml) treatment. Lane A, molecular weight marker; lane
B, untreated cells; lanes C and D, cells treated with CAPE
(6 ug/ml) for 2 h and 6 h, respectively.
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blocks the CAPE-induced apoptosis of HL-60 cells
(Figure 1b).

Effect of CAPE on intracellular ROS level

As demonstrated in Figure 5(), the intracellular H,O,
level of CAPE-treated cells decreased rapidly, finally
down to 19% of the level in untreated cells. However,
we found that CAPE did not significantly affect the
intracellular superoxide anion level (Figure 5b). In the
same experiment, we used TPA 10~ ’M as a positive
control, and it produced large amounts of both H,O,
and superoxide anion (data not shown).

Discussion

Our findings indicate that CAPE is a potent apoptosis-
inducing agent whose action is accompanied by
mitochondrial dysfunction, GSH depletion and selec-
tive scavenging of H,O,.

Mitochondrial dysfunction, as indicated by loss of
mitochondrial transmembrane potential, has been
shown to be involved in many types of tumor cell
apoptosis.”” We found that CAPE treatment results
in a progressive loss of mitochondrial transmem-
brane potential at the early stage of apoptosis in
HI-60 cells. Moreover, CAPE induced rapid and
profound depletion of intracellular GSH earlier than
the loss of mitochondrial transmembrane potential.
Biswal et al. showed that pretreatment with NAC
completely blocked the nordihydroguaiaretic acid-
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Figure 3. Time-dependent effect of CAPE (6 ug/ml) on mitochondrial transmembrane potential of HL-60 cells. Data from three

separate experiments are expressed as mean+ SEM.
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Figure 4. Time-dependent effect of CAPE (6 ug/ml) on intracellular GSH content of HL-60 cells with or without NAC
pretreatment. Data from three separate experiments are expressed as mean+SEM. *p<0.05 when the GSH contents of

CAPE-treated cells were compared with untreated cells.
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Figure 5. Time-dependent effect of CAPE (6 ng/ml) on intracellular ROS levels of HL-60 cells. (a) H>O,. (b) superoxide anion
level. Data from three separate experiments are expressed as mean +SEM. *p<0.05 when the ROS levels of CAPE-treated

cells were compared with untreated cells.

induced loss of mitochondrial transmembrane po-
tential and apoptosis in hematopoietic FL5.12
cells.”® The observation that pretreatment with
NAC partially blocked the CAPE-induced growth
inhibition and apoptosis in our study provides
evidence for the possible role of GSH. Oda et al.
reported that GSH depletion is one factor, but not a
sufficient one, for the progress of apoptosis in

leukemic U937 cells induced by ricin.*®> Thus,
CAPE-induced apoptosis of leukemic HL-60 cells
may involve multiple mechanisms including GSH
depletion and subsequent loss of mitochondrial
transmembrane potential.

In addition to its apoptosis-inducing activity, CAPE
inhibits TPA-mediated H,O, generation by HeLa cells
with EDs, about 5 uM.?> As we found, CAPE can inhibit
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even background intracellular H,O, production by HL-
60 cells very rapidly and profoundly. Interestingly,
there was no significant change in superoxide anion
level after CAPE treatment. The mechanism by which
CAPE selectively suppresses H,O, formation is not yet
known. It could be any of the enzymatic processes
involved in the balance of the redox state inside cells,
such as alteration in activities of nicotinamide-adenine
dinucleotide phosphate oxidase, superoxide dismutase
or catalase. Decreased H,O, production has also been
shown as an early event during dexamethasone-
induced apoptosis of rat thymocytes.*”

Unlike most chemotherapeutic agents, CAPE pos-
sesses both apoptosis-inducing and antioxidant activ-
ities, but these two may be independent events.
CAPE apparently induces apoptosis by targeting
intracellular GSH and mitochondria, whereas the
antioxidant activity probably relates to ROS scaven-
ging of H,0,.

A high concentration of intracellular thiol is an
important cause of resistance to cytotoxic and
irradiation in cancer cells.’"*? Since CAPE depletes
GSH, the most important of the thiol reserves, it
may be this action that causes it to overcome
resistance to chemotherapeutic drugs and radio-
therapy in tumor cells. Research on naturally
occurring compounds such as CAPE as new adjuncts
to cancer treatment is promising, because these
compounds have negligible toxicity and they are
usually effective at low doses. We suggest that CAPE
may resensitize malignant cells that are resistant to
radiation and chemotherapy.

Conclusion

CAPE, a known antioxidant, induces apoptosis asso-
ciated with mitochondrial dysfunction, GSH depletion
and selective scavenging of H,O, in human leukemic
HL-60 cells.

Acknowledgments

The authors wish to thank Professors Yau-Huei Wei,
Huey-Jen Tsay, YenJen Sung and Tung-Hu Tsai,
National Yang-Ming University, for their kind advice
and technical support.

References

1. Grunberger D, Banerjee R, Eisinger K, et al. Preferential
cytotoxicity on tumor cells by caffeic acid phenethyl ester
isolated from propolis. Experientia 1988; 44: 230-2.

148 Anti-Cancer Drugs - Vol 12 - 2001

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Sud’ina GF, Mirzoeva OK, Pushkareva GA, Korshunova

GA, Sumbatyan NV, Varfolomeev SD. Caffeic acid
phenethyl ester as a lipoxygenase inhibitor with antiox-
idant properties. FEBS Lett 1993; 329: 21-4.

. Bhimani R, Troll W, Grunberger D, Frenkel K. Inhibition

of oxidative stress in Hela cells by chemopreventive
agents. Cancer Res 1993; 53: 4528-33.

. Jaiswal AK, Venugopal R, Mucha ], Carothers AM,

Grunberger D. Caffeic acid phenethyl ester stimulates
human antioxidant response element-mediated expres-
sion of the NAD(P)H:quinone oxidoreductase (NQO1)
gene. Cancer Res 1997; 57: 440-6.

. Michaluart P, Masferrer JL, Carothers AM, et al. Inhibitory

effects of caffeic acid phenethyl ester on the activity and
expression of cyclooxygenase-2 in human oral epithelial
cells and in a rat model of inflammation. Cancer Res 1999;
59: 2347-52.

. Mirzoeva OK, Calder PC. The effect of propolis and its

components on eicosanoid production during the inflam-
matory response. Prostag Leukotr Ess 1996; 55: 441-9.

. Frenkel K, Wei H, Bhimani R, et al. Inhibition of tumor

promoter-mediated processes in mouse skin and bovine
lens by caffeic acid phenethyl ester. Cancer Res 1993; 53:
1255-61.

. Fesen MR, Pommier Y, Leteurtre F, Hirogushi S, Yung ],

Kohn KW. Inhibition of HIV-1 integrase by flavones,
caffeic acid phenethyl ester (CAPE) and related com-
pounds. Biochem Pharmacol 1994; 48: 595-608.

. Koltuksuz U, Ozen S, Uz E, et al. Caffeic acid phenethyl

ester prevents intestinal reperfusion injury in rats. J
Pediatr Surg 1999; 34: 1458-62.

Lee YJ, Liao PH, Chen WK, Yang CY. Preferential
cytotoxicity of caffeic acid phenthyl ester analogues on
oral cancer cells. Cancer Lett 2000; 153: 51-6.

Chen JH, Shao Y, Huang MT, Chin CK, Ho CT. Inhibitory
effect of caffeic acid phenethyl ester on human leukemic
HIL-60 cells. Cancer Lett 1996; 108: 211-4.

McGowan A]J, Fernandes RS, Verhaegen S, Cotter TG.
Zinc inhibits UV radiation-induced apoptosis but fails to
prevent subsequent cell death. Int J Raidiat Biol 1994;
66: 343-9.

Strand S, Hofmann WJ, Hug H, et al. Lymphocyte
apoptosis induced by CD95 (APO-1/Fas) ligand-expres-
sing tumor cells—a mechanism of immune evasion?
Nature Med 1996; 2: 1361-6.

Gunji H, Kharbanda S, Kufe D. Induction of internucleo-
somal DNA fragmentation in human myeloid leukemia
cells by 1-beta-D-arabinofuranosylcytosine. Cancer Res
1991; 51: 741-3.

Cotter TG, Glynn JM, Echeverri F, Green DR. The
induction of apoptosis by chemotherapeutic agents
occurs in all phases of the cell cycle. Anticancer Res
1992; 12: 773-9.

Gajate C, Santos-Beneit AM, Macho A, et al. Involvement
of mitochondria and caspase-3 in ET-18-OCHjz-induced
apoptosis of human leukemic cells. Int J Cancer 2000; 86:
208-18.

Hirpara JL, Seyed MA, Loh KW, Dong H, Kini RM, Pervaiz
S. Induction of mitochondrial permeability transition and
cytochrome C release in the absence of caspase activation
is insufficient for effective apoptosis in human leukemia
cells. Blood 2000; 95: 1773-80.

Kroemer G, Zamzami N, Susin SA. Mitochondrial control
of apoptosis. Immunol Today 1997; 18: 44-51.



19.

20.

21.

22.

23.

24.

25.

26.

CAPE induces apoptosis and scavenges H,0, in HL-60 cells

Jacobson MD, Raff MC. Programmed cell death and Bcl-2
protection in very low oxygen. Nature 1995; 374: 814-6.
Muschel RJ, Bernhard EJ, Garza L, McKenna WG, Koch
(J. Induction of apoptosis at different oxygen tensions:
evidence that oxygen radicals do not mediate apoptotic
signaling. Cancer Res 1995; 55: 995-8.

Meister A. Glutathione, ascorbate, and cellular protection.
Cancer Res 1994; 54: 1969-75.

Coffey RN, Watson RW, Hegarty NJ, et al. Thiol-mediated
apoptosis in prostate carcinoma cells. Cancer 2000; 88:
2092-104.

Chiao C, Carothers AM, Grunberger D, Solomon G, Preston
GA, Barrett JC. Apoptosis and altered redox state induced
by caffeic acid phenethyl ester (CAPE) in transformed rat
fibroblast cells. Cancer Res 1995; 55: 3576-83.

Wang SY, Hsu ML, Hsu HC, et al. The anti-tumor effect of
Ganoderma lucidum is mediated by cytokines released
from activated macrophages and T lymphocytes. Int J
Cancer 1997; 70: 699-705.

Rottenberg H, Wu S. Quantitative assay by flow cytometry
of the mitochondrial membrane potential in intact cells.
Biochem Biophys Acta 1998; 1404: 393-404.

Coates A, Tripp E. Comparison of two fluorochromes for
flow cytometric assay of cellular glutathione content in
human malignant melanoma. Melanoma Res 1995; 5:
107-11.

27

28.

29.

30.

31.

32.

. Crompton M. The mitochondrial permeability transition
pore and its role in cell death. Biochem J 1999; 341: 233~
49.

Biswal SS, Datta K, Shaw SD, Feng X, Robertson JD,
Kehrer JP. Glutathione oxidation and mitochondrial
depolarization as mechanisms of nordihydroguaiaretic
acid-induced apoptosis in lipoxygenase-deficient FL5.12
cells. Toxicol Sci 2000; 53: 77-83.

Oda T, Iwaoka J, Komatsu N, Muramatsu T. Involvement
of N-acetylcysteine-sensitive pathways in ricin-induced
apoptotic cell death in U937 cells. Biosci Biotech
Biochem 1999; 63: 341-8.

Wang JF, Jerrells TR, Spitzer JJ. Decreased production of
reactive oxygen intermediates is an early event during in
vitro apoptosis of rat thymocytes. Free Rad Biol Med
1996; 20: 533-42.

Newkirk K, Heffern J, Sloman-Moll E, et al. Glutathione
content but not gamma glutamyl cysteine synthetase
mRNA expression predicts cisplatin resistance in head
and neck cancer cell lines. Cancer Chemother Pharmac
1997; 40: 75-80.

Mirkovic N, Voehringer DW, Story MD, McConkey DJ,
McDonnell TJ, Meyn RE. Resistance to radiation-induced
apoptosis in Bcl-2-expressing cells is reversed by deplet-
ing cellular thiols. Oncogene 1997; 15: 1461-70.

(Received 16 November 2000; accepted 28 November
2000)

Anti-Cancer Drugs - Vol 12 - 2001 149



