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ABSTRACT

Differentiation therapy of cancer remains an only partially attained
goal. Agents currently under active investigation include derivatives of
vitamin D, modeled on its physiological hormone form, 1�,25-dihy-
droxyvitamin D3 (1,25D3), but the calcemic effects of these compounds
preclude their use in the clinic. An approach that may obviate this
problem is to combine 1,25D3 or its derivatives with other agents that
increase the antineoplastic effects of low, nontoxic concentrations of vita-
min D compounds. We have recently used the plant-derived polyphenolic
antioxidant, carnosic acid (CA), to demonstrate an increase in the differ-
entiating action of 1,25D3 on human leukemia cells under these conditions
(M. Danilenko et al., JNCI, 93: 1224–1233, 2001). We now show that
treatment of HL60-G cells with either CA or 1,25D3 alone resulted in a
decrease in the intracellular levels of reactive oxygen species. Further-
more, the combination of 10 �M CA and a low concentration of 1,25D3 (1
nM) produced an enhanced antioxidant effect, which correlated with the
potentiation of monocytic differentiation. Other plant antioxidants tested
(curcumin, silibinin, and the organoselenium antioxidant ebselen) also
potentiated differentiation induced by 1,25D3, although alone, they had
only minor differentiating effects. Differentiation induced by CA/1,25D3

combinations was associated with increased intracellular glutathione con-
tent, whereas buthionine sulfoxime decreased both differentiation and the
cellular glutathione content. This combination also enhanced the activa-
tion of the Raf-mitogen-activated protein/extracellular signal-regulated
kinase kinase-extracellular signal-regulated kinase mitogen-activated pro-
tein kinase module and increased the binding of the activator protein-1
(AP-1) transcription factor to its cognate DNA element in the promoter
regions of vitamin D receptor gene, suggesting that the mechanism of
potentiation is at least in part attributable to induction and activation of
components of this mitogen-activated protein kinase pathway. Cell treat-
ment with a high concentration of 1,25D3 (100 nM) resulted in a substan-
tial elevation of basal intracellular calcium concentration. In contrast,
importantly for an eventual clinical application of these studies, the po-
tentiating action of CA on differentiation induced by a low concentration
of 1,25D3 (1 nM) was not accompanied by an elevation of basal intracel-
lular calcium concentration. These findings suggest that combinations of
CA with derivatives of vitamin D should be evaluated for use in differen-
tiation therapy of myeloid leukemias.

INTRODUCTION

The goal of differentiation therapy of cancer is to arrest the growth
of malignant cells by inducing normalization of cellular phenotypes
without damage to normal tissues. A notable example of the success
of this approach is provided by the use of vitamin A derivatives,
which are in varying stages of development for treatment of malignant

diseases, e.g., ATRA3 is particularly effective in the treatment of
acute promyelocytic leukemia (reviewed in Refs. 1 and 2). Similarly,
1,25D3 and its derivatives are currently under investigation as differ-
entiating agents in a variety of tumor types and seem especially suited
for clinical applications: (a) 1,25D3 is a human hormone with a known
physiological function in the control of calcium homeostasis; (b) there
is substantial epidemiological evidence that levels of circulating
1,25D3 near the top of the physiological range play a part in the
reduction of incidence of the common human cancers that affect the
female breast, prostate, and colon (3); and (c) differentiation and
apoptosis-inducing effects of 1,25D3 have been demonstrated in neo-
plastic cells established in culture from these and other tissues (re-
viewed in Ref. 4), showing that under appropriate conditions, 1,25D3

can indeed control the growth of these cells.
The well-known limitation to the therapeutic use of 1,25D3 is its

hypercalcemic effect. When the hypercalcemia is sufficiently pro-
longed and severe, widespread calcifications take place in tissues.
Current attempts to overcome this problem focus on the synthesis of
analogues of 1,25D3, which retain the prodifferentiation activities but
have lower calcemic effects (e.g., Ref. 5). However, although various
Phase I/II trials have been conducted (e.g., Refs. 6–10), these vitamin
D analogues have as yet not been successfully used for the treatment
of cancer, including myeloid leukemias. An alternative approach is to
combine nonhypercalcemic concentrations of 1,25D3 or its analogues
with compounds that have different mechanisms of action, e.g., in-
creased antitumor activity has been reported when dexamethasone or
cytotoxic agents, such as paclitaxel, were combined with 1,25D3

(11–13), whereas several plant-derived antioxidant compounds, such
as polyphenols curcumin (14, 15) and silibinin (16), and carotenoids
lycopene and �-carotene (17) were found to potentiate the differen-
tiating and antiproliferative actions of 1,25D3 on leukemic cell lines.

We have recently reported a marked potentiation of the 1,25D3-
induced differentiation of HL60 human myeloid leukemia cells by
CA, a polyphenol derived from the plant rosemary (Rosmarinus
officinalis; Refs. 18 and 19). We also found that this potentiation
relates to the ability of CA to enhance a program of gene expression
consistent with monocytic differentiation (19). In the present study,
we investigated the mechanism of the synergy between 1,25D3 and
CA and found that 1,25D3 and CA cooperatively decreased the levels
of ROS in this system, increased total cellular glutathione content,
activated the Raf/MEK/ERK MAPK module, and enhanced the bind-
ing of AP-1 to its DNA response element. Furthermore, we demon-
strated that, in contrast to induction of differentiation with a high
concentration of 1,25D3 (100 nM), which had a differentiating effect
accompanying a considerable elevation of basal intracellular calcium
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levels in HL60 cells, the combination of a low (1 nM) 1,25D3 con-
centration with CA only moderately affected the basal [Ca2�]i.

MATERIALS AND METHODS

Chemicals and Antibodies. CA was obtained from Alexis Biochemicals
(Läufenfingen, Switzerland). Curcumin, ebselen, silibinin, L-buthionine, BSO,
fMLP, DCFH-DA, TPA, GSH, glutathione reductase from bakers yeast, 5,5�-
dithiobis(2-nitrobenzoic acid), 5-sulfosalicylic acid, and NADPH were pur-
chased from Sigma (St. Louis, MO). Complete protease inhibitor cocktail was
from Roche Molecular Biochemicals (Mannheim, Germany). Poly [d(I-C)]
was from Roche Diagnostics (Mannheim, Germany). NP40 was from Calbio-
chem-Novabiochem Corp. (San Diego, CA). 1,25D3 was a gift from Dr. Milan
Uskokovic (BioXell, Nutley, NJ). [�-32P]ATP was purchased from NEN Life
Science Products, Inc. (Boston, MA). The antibodies against Raf-1 (c-12,
rabbit polyclonal), MEK-1 (c-18, rabbit polyclonal), ERK1/2 (k-23, rabbit
polyclonal), and p90RSK (c-21, rabbit polyclonal) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The antibodies used to detect phospho-
Raf (Ser 259), phospho-MEK (Ser 217/221), phospho-ERK (Thr 202/Tyr 204),
and phospho-p90RSK (Ser 381), all rabbit polyclonal antibodies, were pur-
chased from Cell Signaling Technology (Beverly, MA). Anticalreticulin anti-
body was purchased from Affinity Bioreagents (Golden, CO). Horseradish
peroxidase-conjugated antirabbit IgG and antimouse IgG were obtained from
Santa Cruz Biotechnology. Anti-CD14 (MY4-RD-1) and anti-CD11b (MO1-
FITC) antibodies were obtained from Coulter Corp. (Brea, CA). Stock solu-
tions of CA, curcumin, silibinin, ebselen (10 mM each), and 1,25D3 (0.25 mM)
were prepared in absolute ethanol.

Cell Culture and Proliferation Assay. HL60-G cells (20), a subclone of
human promyeloblastic leukemia HL60 cells (21), were routinely cultured at
37°C in RPMI 1640 (Mediatech, Washington, D.C., or Biological Industries,
Beth Haemek, Israel), supplemented with 10% heat-inactivated, iron-enriched
bovine calf serum (HyClone, Logan, UT). Cell culture was passaged two to
three times weekly to maintain a log phase growth. Cells were seeded into
fresh culture medium at 0.5–1 � 105 cells/ml in 25 cm2 tissue culture flasks
and incubated with test agents for 24–96 h. To demonstrate the enhancement
of differentiation and growth inhibition induced by 1,25D3, cells were treated
with a low concentration of this inducer (1 nM) in the presence of other agents,
whereas 100 nM 1,25D3 was used to illustrate the maximal effect. Cell growth
was estimated by counting cells with a Coulter Counter after dilution in
Isoton-II (Coulter Electronics, Hialeah, FL). Cell viability was determined
using trypan blue (0.25%) exclusion. To determine the maximal subtoxic
concentration of each antioxidant, the cells were cultured for 48 h in the
presence of graded concentrations of the compound, and cell viability was
measured as described above.

Determination of Markers of Differentiation. Aliquots of 1 � 106 cells
were harvested, washed twice with PBS, and suspended in 10 �l of PBS. The
cell suspensions were incubated for 45 min at room temperature with 0.5 �l of
MY4-RD-1 and 0.5 �l of MO1-FITC (1:20 dilution of the stock antibodies) to
analyze the expression of surface cell markers CD14 and CD11b, respectively
(19). The cells were then washed three times with ice-cold PBS and resus-
pended in 1 ml of PBS. Two-parameter analysis was performed using a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Iso-
typic mouse IgG1 was used to set threshold parameters.

Cell Extracts. All procedures were carried out at 4°C. Cells (1–2 � 107)
were harvested and washed twice with ice-cold PBS. Whole-cell extracts were
prepared essentially as described previously (19). Washed cell pellets were
solubilized with a lysis buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium PPi, 1 mM

�-glycerophosphate, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1
�g/ml leupeptin, and 1 �g/ml aprotinin. Equal amounts of 3 � SDS sample
buffer containing 150 mM Tris-HCl (pH 6.8), 30% glycerol, 3% SDS, 1.5
mg/ml bromphenol blue dye, and 100 mM DTT were then added to each
sample. Nuclear extracts were prepared by the procedure described before (19,
22) with minor modifications. Briefly, cell pellets were resuspended in 0.5 ml
of ice-cold hypotonic buffer [10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl2,
10 mM KCl, 0.5 mM DTT, and Complete protease inhibitor cocktail]. The cells
were kept on ice for 10 min to allow them to swell, vortexed for 10 s, and
centrifuged at 16,000 � g for 30 s. Supernatant was discarded, and the pellet

was resuspended in 50 �l of nuclear extraction buffer [20 mM HEPES-KOH
(pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM

DTT, and Complete protease inhibitor cocktail], placed on ice for 20 min, and
centrifuged at 16,000 � g for 15 min. The supernatant was saved as the nuclear
extract and stored at �80°C.

Western Blotting. Equal amounts of whole-cell extracts (40 �g of protein)
were separated on 10% SDS-PAGE gel and transferred to nitrocellulose
membranes (Amersham Pharmacia Biotech, Piscataway, NJ). The membranes
were blocked with 5% milk in Tris-buffered saline/0.1% Tween 20 for 1 h,
subsequently blotted with primary antibodies, and then the membranes were
blotted with a horseradish-linked secondary antibody for 1 h. The protein
bands were visualized with a chemiluminescence assay system (Amersham).
The protein loading of the gel and efficiency of the transfer were controlled by
stripping the membrane and reprobing for calreticulin, a constitutively ex-
pressed protein in HL60 cells. The absorbance of each band was quantitated
using an image quantitator (Molecular Dynamics, Sunnyvale, CA).

Electrophoretic Mobility Shift Assay. AP-1 binding to its cognate DNA
element (TPA-response element) in a 1,25D3-responsive gene, hVDR, was
evaluated as described previously (23) with the following modifications.
Double-stranded oligonucleotides from promoter regions of hVDR containing
the proximal (�77 to �97 relative to the transcription start site) binding site
for AP-1 (5�-CTGGCAAGAGAGGACTGGACC-3� hVDR-AP-1#1), mutated
AP-1 (5�-CTGGCAAGAGAGtgCTGGACC-3�), and the distal (�1023 to
�1043) hVDR-AP-1#2 (5�GATTAGCTGAGTCATGTTGG-3�) were synthe-
sized by the Molecular Resource Facility of the New Jersey Medical School.
The reference sequence accession number for hVDR in the GenBank of
National Center for Biotechnology is AB002157. Nuclear extracts (10 �g of
protein) were preincubated with 0.02 A260 units of poly [d(I-C)] for 15 min on
ice in buffer containing 50 mM Tris-HCl (pH 7.9), 10 mM MgCl2, 1 mM EDTA,
100 mM KCl, 2 mM DTT, 20% (volume for volume) glycerol, and 0.1%
(volume for volume) NP40. The extracts were then incubated for an additional
30 min at room temperature with 50–60 pg (50,000–75,000 cpm) of 32P-
labeled, double-stranded oligonucleotide. Specificity of the AP-1 binding was
estimated by competition with a 10� molar excess of the unlabeled double-
stranded “self” nucleotide (see above) or unrelated double-stranded nucleotide
containing the Sp1 response element (5�-ATTCGATCGGGGCGGGGC-
GAGC-3�) added to parallel samples during the preincubation period. To
examine the effects of oxidation of nuclear proteins on their AP-1 DNA-
binding activity, samples of nuclear extracts were preincubated with the
oxidizing agent diamide (20 mM). The complexes were separated on 4%
polyacrylamide gel under nondenaturing conditions with a constant current of
20–25 mA, for 3–4 h at 4°C. The gel was dried and exposed overnight to
Kodak X-Omat LS film.

Measurement of Intracellular Peroxides by Flow Cytometry. The in-
tracellular peroxide levels were determined using the oxidation-sensitive flu-
orescent probe DCFH-DA (24, 25). Intracellular peroxides oxidize this probe
to a highly fluorescent compound, DCF. Cells (1–2 � 106/ml) were harvested
at the time points indicated and washed with HEPES-buffered HBSS. Cells
were then loaded with 5 �M DCFH-DA for 15 min with horizontal agitation in
a shaking water bath at 37°C. In some experiments, after loading with DCFH-
DA, cells were washed with PBS and incubated for an additional 30 min with
0.01–1 mM H2O2 under the same conditions. The fluorescence intensity was
measured with a FACSCalibur flow cytometer (Becton Dickinson). For each
analysis, 10,000 events were recorded.

Superoxide Anion Measurement. The production of superoxide (O2
�)

was measured in a 96-multiwell format by the superoxide dismutase-inhibit-
able reduction of cytochrome c as described previously (18). Cells were
washed in HBSS and suspended (2.5 � 105 cells/well) in 100 �l of HBSS 150
�M cytochrome c. Cells were stimulated by the addition of either TPA (100
nM) or fMLP (10 �M), and the reduction of cytochrome c was monitored at 550
nm (650-nm reference wavelength) for 30–40 min at 37°C in a VERSAmax
microplate spectrophotometer (Molecular Devices, Menlo Park, CA). The
maximal rates of superoxide generation were determined and expressed as
nmol O2

�/106 cells/min using extinction coefficient E550 � 21 mM�1/cm�1.
Assay for Glutathione. Cells (2 � 106) were collected by centrifugation

(1,000 � g for 5 min), washed with ice-cold PBS, and resuspended in 200 �l
of 5% 5-sulfosalicylic acid. After 15 min on ice with intermittent vortexing, the
suspension was centrifuged at 16,000 � g for 5 min to remove protein
precipitates. Total glutathione was determined in the supernatants by the
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glutathione reductase recycling assay as described by Griffith (26) with minor
modifications (27).

Determination of [Ca2�]i. Calcium assay was performed as described
previously (28) with minor modifications. Briefly, after a 96-h incubation, cells
were harvested, washed with PBS, and resuspended in HBSS containing 10
mM HEPES and 1 mg/ml BSA. Cells were incubated with 2 �M fura-2 a.m.
(Molecular Probes, Inc., Eugene, OR) for 30 min at 25°C. Before [Ca2�]i

measurements, 0.5–1 � 106 cells were aliquoted to microfuge tubes, centri-
fuged for 5 s, resuspended in 100 �l of HEPES and 1 mg/ml BSA, and injected
into cuvettes containing 1.9 ml of the same solution. Data were collected at 2-s
intervals at excitation wavelengths of 340 and 380 nm and an emission
wavelength of 505 nm. Fluorescence was monitored at 37°C with constant
stirring in a Perkin-Elmer Model 50-LS fluorescence spectrophotometer. Basal
[Ca2�]i and the peak Ca2�

i response of cells stimulated with 10 �M fMLP were
monitored. Calibration of the signal was achieved by exposing cells to 0.1%
Triton X-100 in the presence of saturating Ca2� or HBSS containing 15 mM

EGTA (pH 8.0). Autofluorescence of solutions, drugs, and fura-2-free-treated
cells was subtracted from the fluorescence spectra before [Ca2�]i calculations
(28, 29).

Statistical Analysis. All experiments were repeated at least three times.
The significance of the differences between the means of the various sub-
groups was assessed by two-tailed Student’s t test. The computations were
performed with an IBM-compatible personal computer using Microsoft EX-
CEL and GraphPad Prism 3.0 (GraphPad Software, San Diego, CA) programs.

RESULTS

CA and 1,25D3 Cooperate As Antioxidants in HL60-G Cells.
CA and related polyphenols have been known to act as both antiox-
idant and pro-oxidant in different biological systems (30–32). There-
fore, we set out to investigate whether the potentiating effect of this
polyphenol on cell differentiation (18, 19) is accompanied by any
detectable changes in the levels of ROS in HL60-G cells. For these
experiments, the cells were incubated with 0, 5, and 10 �M CA alone
for 96 h, followed by measurements of the levels of intracellular
peroxides by flow cytometry using the fluorescent oxidation-sensitive
probe DCFH. As shown in Fig. 1A, CA produced a concentration-
dependent decrease in the intracellular levels of ROS, as compared
with untreated control cells. Interestingly, 1,25D3 alone induced an
even greater decrease in ROS levels (Fig. 1B; see also Table 1), and
cell treatment with a combination of 10 �M CA with 1 nM 1,25D3

resulted in a cooperative effect in at least a large part of the cell
population (Fig. 1C). The data summarized in Table 1 indicate that
although the combined antioxidant effect of CA � 1,25D3 is bimodal
(Fig. 1C), its overall magnitude is similar to that obtained with 100 nM

1,25D3 alone. Concurrently, a similar extent of cell differentiation was
observed under these treatments (Fig. 7, C and D). The capacity of
both CA and 1,25D3 to reduce ROS levels increased with time
reaching a saturation by 96 h (data not shown).

To further evaluate the antioxidant effects of CA and 1,25D3, after
DCFH loading, control cells and cells treated with 10 �M CA, 1 nM

1,25D3, and the combination of 1 nM 1,25D3 and 10 �M CA or 100 nM

1,25D3 were challenged with increasing concentrations of H2O2 (0–1
mM). The results demonstrate that in the CA-treated cells, a 30-min
incubation with H2O2 induced less pronounced increases in ROS
levels, as compared with control cells (Fig. 2). Treatment with 1 nM

1,25D3 had a minor effect on the H2O2-induced elevation of ROS,
whereas a high concentration of 1,25D3 (100 nM) substantially inhib-
ited the oxidant action. Importantly, a similar inhibition of ROS
production was obtained in cells incubated with 1 nM 1,25D3 together
with CA. Taken together, these results indicate that the two agents are
capable of protecting the cells against oxidative stress and that there
is correlation between the differentiating effects of 1 nM 1,25D3 � CA
and 100 nM 1,25D3, and the antioxidant effects of these corresponding
treatments.

Diverse Compounds with Antioxidant Action also Potentiate
Differentiation Induced by 1,25D3. If the antioxidant properties of
CA have a role in potentiation of differentiation by 1,25D3, other
antioxidants would be expected to increase the prodifferentiation
effects of 1,25D3 to some extent. We therefore tested several such
compounds at their maximal subtoxic concentrations (viabili-
ty � 90%) in HL60-G cells and found that although the synthetic
antioxidants ebselen (Fig. 3), hydroxyurea, and diphenylene iodonium
(data not shown) had slight to moderate potentiating effects on
1,25D3-induced differentiation, these effects were more marked when
plant polyphenols curcumin and silibinin were used (Fig. 3). Con-
versely, the pro-oxidant BSO, which depletes cellular glutathione by
inhibiting �-glutamylcysteine synthetase (33), moderately decreased
the differentiating effect of 1,25D3 alone and markedly inhibited the
enhanced differentiation induced by its combination with CA (Fig.
4A). On the other hand, cell treatment with CA resulted in a substan-
tial increase in the intracellular glutathione levels, which was further
elevated by adding 1 nM 1,25D3, and both these increases were
inhibited by BSO (Fig. 4B). These findings indicate that reducing

Fig. 1. CA and 1,25D3 cooperate in the reduc-
tion of intracellular ROS levels. HL60-G cells were
treated for 96 h with increasing concentrations of
CA (A) and 1,25D3 (B) or the combination of 10
�M CA and 1 nM 1,25D3 (C). In C, the effect of 100
nM 1,25D3 is depicted for comparison. The cells
(1 � 106) were then incubated without (A, “nega-
tive cells”) or with 5 �M DCFH-DA for 15 min at
37°C, as described in “Materials and Methods.”
Cell-associated DCF fluorescence was analyzed by
flow cytometry. Representative flow cytometry
data obtained in at least four similar experiments
are shown.

Table 1 Combination of carnosic acid with 1 nM 1,25D3 promotes a reducing
intracellular environment similar to that produced by 100 nM 1,25D3

The percentage of “high ROS”-containing cells and the mean “ROS index” (mean
fluorescence intensity) in cultures were estimated by flow cytometry after treatments that
are shown in the table and loading with DCFH-DA. High ROS are defined as those cells
in which the fluorescence exceeds an arbitrary threshold. The threshold was defined
experimentally and set so that 96.3% of cells in untreated (“control”) cultures were
positive for high ROS. This value is presented in the table as 100%, and all other values
were normalized for conversion of the control value to 100%. Mean fluorescence intensity
was calculated using a CellQuest program. The means � SD of three experiments are
shown.

1,25D3 CA High ROS-containing cells (%) Mean fluorescence intensity

0 0 100.0 � 3.2 104.4 � 10.8
0 10 �M 89.3 � 10.4 71.9 � 8.1a

1 nM 0 80.9 � 7.2a 62.7 � 3.5b

1 nM 10 �M 52.4 � 8.6b 34.3 � 8.0b

100 nM 0 46.2 � 4.7b 37.8 � 3.6b

a P � 0.05.
b P � 0.01 between samples of treated cells versus control cells.
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conditions (e.g., elevation of cellular glutathione) favor monocytic
differentiation induced by 1,25D3.

The Raf/MEK/ERK MAPK Module Is Activated by CA in
1,25D3-induced Differentiation. It has been shown in several labo-
ratories that ERK 1/2 MAPK pathway participates in 1,25D3-induced
differentiation of HL60 cells (34–36). To initiate studies of the
mechanisms of the potentiating effect of CA on this form of differ-
entiation, we examined the activation of several components of this
pathway, as evidenced by the level of phosphorylation of these sig-
naling proteins. Consistent with the suggested role of this pathway in

differentiation, in cells treated with CA alone, which showed border-
line differentiation, a minimal increase was noted in phosphorylation
of Raf-1 and MEK-1 (Fig. 5). Interestingly, phosphorylation appeared
to stabilize these proteins, because the total protein levels also in-
creased after exposure to CA.

More pronounced increases in activation of each member of the
ERK 1/2 cascade, as well as of RSK-1, one of the known downstream
targets of this pathway, were noted when CA was combined with
1,25D3, and these increases were of similar magnitude as those that
resulted from exposure to a high (100 nM) concentration of 1,25D3,
whereas calreticulin, a constitutively expressed cellular component,
showed no changes in its level of expression (Fig. 5). Thus, the data
suggest that enhanced activation of the ERK 1/2 pathway is associated
with the potentiation by CA of monocytic differentiation of HL60
cells.

A Possible Role of the AP-1 Transcription Factor in the En-
hancement of Differentiation by CA. Activation of the ERK cas-
cade has been associated with increased functional activity of AP-1
transcription factor (reviewed in Refs. 37 and 38), and recent studies
have indicated the role of AP-1 activation in myeloid differentiation
of leukemic cells (23, 39–41), and in the expression of the VDR gene
(42). Importantly, AP-1 is regulated by cellular redox status (43).
Therefore, we determined whether the enhancement of 1,25D3-
induced monocytic differentiation of HL60 cells was accompanied by
changes in the DNA-binding capacity of nuclear proteins to the AP-1
motifs present in the promoter of the human VDR gene (GenBank
accession no. AB002157). Consistent with the data reported previ-
ously (23), cell treatment with 1,25D3 resulted in increases in binding
to both these AP-1 motifs. This effect was pronounced in cells treated
with 100 nM 1,25D3, whereas at 1 nM, this inducer showed only a
moderate effect (Fig. 6). However, combining 1 nM 1,25D3 with CA,
which was also relatively ineffective in this assay, caused a substantial
elevation of AP-1 binding activity. Elimination of binding because of
competition with unlabeled AP-1 response element probe but not with
a mutated AP-1 sequence or a “nonself” probe (Sp-1 response ele-
ment) indicates the specificity of the AP-1 gel-shift assay in this
system. These data suggest that the AP-1 transcription factor regulates
genes that participate in the CA-enhanced program of monocytic
differentiation.

CA Does Not Augment the 1,25D3-induced Rise of Basal Cyto-
solic Calcium Levels. Several studies have shown that the 1,25D3-
induced monocytic differentiation of myeloid leukemia cells is ac-

Fig. 2. CA and 1,25D3 reduce intracellular ROS levels in H2O2-treated HL60-G cells.
Control cells (1 � 106 cells; A) and those treated with 10 �M CA (B) or 100 nM 1,25D3

(C) were incubated with 5 �M DCFH-DA for 15 min at 37°C and washed once with
HEPES-buffered HBSS. Cells were treated for an additional 30 min with the indicated
concentrations of H2O2. Fluorescence intensity of the oxidized product (DCF) was
monitored by flow cytometry. A representative of three similar experiments is shown. In
D, quantitation is presented (mean fluorescence intensity � SD, n � 4) of the experiments
illustrated in A–C, as well as of experiments in which 1 nM 1,25D3, alone or together with
10 �M CA, was used in analogous assays.

Fig. 3. Diverse antioxidants potentiate cell differentiation induced by 1,25D3. Cells
were incubated with the indicated compounds for 48 h followed by analysis of the
expression of monocytic differentiation markers CD11b and CD14 by flow cytometry, as
described in “Materials and Methods.” The means � SE of at least four experiments are
shown. The experimental groups marked with an asterisk were significantly increased
compared with cells treated with 1,25D3 alone (*P � 0.05).

Fig. 4. The effects of glutathione-depleting agent, buthionine sulfoximine, on differ-
entiation and glutathione levels in cells treated with 1,25D3 and its combination with CA.
HL60-G cells were incubated with the indicated compounds for 96 h followed by analysis
of CD11b and CD14 expression by flow cytometry and the measurement of glutathione
by an enzymatic assay, as described in “Materials and Methods.” In A, buthionine
sulfoximine inhibits differentiation. Determination of CD14 and CD11b double positive
cells was carried out by flow cytometry. The means � SE of three experiments are shown.
In B, buthionine sulfoximine blocks increases in intracellular glutathione levels. Gluta-
thione was determined by an enzymatic assay, as described in “Materials and Methods.”
The means � SE of four experiments are shown.
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companied both by an increase in basal cytosolic calcium levels and
the expression of fMLP receptors, which mediate the chemotactic
peptide-induced transient [Ca2�]i elevations (28, 29, 44–47). Because
disturbances of calcium homeostasis may have profound implications
for any potential use of CA/1,25D3 in differentiation therapy of
myeloid leukemia, we determined whether along with its enhance-

ment of the differentiating and antiproliferating effects of 1,25D3, CA
can also potentiate the ability of this inducer to affect cytosolic
calcium levels. Changes in both basal [Ca2�]i and its elevations in
response to fMLP were monitored in HL60-G cells treated for 96 h
with 1,25D3, CA, and their combination using the fluorescent calcium
probe fura-2. Cells treated with 100 nM 1,25D3 showed a substantial
increase (P � 0.01) in the basal [Ca2�]i as compared with untreated
control cells (Fig. 7), whereas neither 1 nM 1,25D3 nor 10 �M CA had
a significant effect. The addition of 10 �M fMLP to control or to
CA-treated cells did not affect their basal [Ca2�]i, whereas in cells
incubated with 1,25D3, this peptide induced a transient elevation of
cytosolic calcium. These data are consistent with the induction of
chemotactic peptide receptors in 1,25D3-differentiated HL60 cells
(18, 48, 49). The peak values of the fMLP-stimulated [Ca2�]i rises
depended on 1,25D3 concentration (Fig. 7). The addition of CA to 1
nM 1,25D3 during 96-h incubations resulted in the enhanced calcium
response to fMLP, which was comparable with that observed in the
100 nM 1,25D3-exposed cells. Most interestingly, however, an in-
crease in the basal [Ca2�]i was much lower in cells treated with the
CA/1,25D3 combination than in those incubated with 100 nM 1,25D3

(Fig. 7, A and B), although the extent of differentiation was compa-
rable (Fig. 7, C and D).

DISCUSSION

The dramatic enhancing effect of CA on the 1,25D3-induced mono-
cytic differentiation of HL60-G cells has recently been reported (19),
and here we present studies of the mechanistic basis of this potenti-
ation. Our results, taken together with previous studies (39, 50), show
that modulation of the cellular redox state appears to enhance mono-
cytic differentiation. The cumulative data indicate that many structur-
ally distinct antioxidants, such as polyphenols, carotenoids, vitamin E,
ascorbate, and lipoic acid, all potentiate leukemic cell differentiation
induced by various agents, such as 1,25D3 and ATRA (14–17, 50,
51). Thus, the chemical structure of the antioxidant compounds that

Fig. 5. CA and 1,25D3 cooperatively activate the ERK
MAPK pathways. HL60-G cells were treated with the indi-
cated compound for 96 h, followed by preparation of whole-
cell lysates. Lysates were subjected to 10% SDS-PAGE and
Western blot analysis, as described in “Materials and Meth-
ods.” Calreticulin protein levels are displayed to demon-
strate similar protein loading and transfer to nitrocellulose
membrane. In A, one representative of three similar exper-
iments is shown. B, quantitation of these experiments.

Fig. 6. CA potentiates 1,25D3-induced AP-1 binding to its cognate DNA elements.
HL60-G cells were treated with the indicated compounds for 96 h, followed by prepara-
tion of nuclear extracts. In A, an oligonucleotide corresponding to the proximal AP-1
binding site in the promoter region of the human VDR gene (AP-1 hVDR#1) was
synthesized and 5�-labeled with a 32P-ATP. The extracts were incubated with this labeled
oligonucleotide, and binding of the AP-1 complex was analyzed by electrophoretic
mobility shift assay, as described in “Materials and Methods.” Unlabeled AP-1 hVDR #1,
mutant hVDR, and Sp1 oligonucleotides were used to compete with the nuclear protein
binding to indicate the specific nature of AP-1 hVDR interaction in this assay. In B, the
binding of nuclear proteins to the distal AP-l element (AP-1 hVDR #2) was similarly
studied. Inhibition of this binding when the nuclear extracts were incubated with 20 mM
diamide, an oxidizing agent, is also demonstrated here. A representative gel analysis of
three similar experiments is shown for each probe. Note that a longer exposure of the gel
was used in the experiment shown in B, to display the decrease in AP-1 binding in the
presence of the oxidizing agent.
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enhance differentiation does not appear to be important, and their only
common property is that they alter the redox state.

The differentiation-enhancing agent used in this study, CA, a poly-
phenolic diterpene, displays strong antioxidant effects in foods and
biological systems, compared with those of �-tocopherol and buty-
lated hydroxytoluene (30, 52, 53). CA effectively scavenges peroxyl
and hydroxyl radicals, H2O2, and hypochlorous acid, a compound
produced in sites of inflammation that may damage biological mem-
branes (30). CA (1–30 �M) has been shown to inhibit mitochondrial
and microsomal lipid peroxidation (30, 54, 55) and protect red cells
against oxidative hemolysis (54). It also inhibits oxidation of low-
density lipoprotein induced by human aortic endothelial cells (56).
However, in several other studies (30–32), CA and other polyphenols
were found to act as pro-oxidants probably because of different
experimental conditions.

Here, we examined whether treatment of HL60 cells with CA,
1,25D3, and their combinations affects intracellular ROS levels. For
this purpose, a fluorescent probe, DCFH, was used, which is a widely
used indicator of ROS in leukemic and other cell types (24, 25, 57).
We found for the first time that incubation with nontoxic concentra-
tions of CA alone produced a clear concentration-dependent reduction
of ROS levels in a cellular model (HL60 cells) concomitant with a
substantial increase in total glutathione levels. Furthermore, CA-
treated cells were appreciably more resistant to the oxidative stress
induced by H2O2 than the untreated control cells. These data indicate
that CA has antioxidant action under experimental conditions that are
used to induce differentiation of leukemia cells, although it is possible

that additional mechanisms contribute to its potentiation of differen-
tiation.

Interestingly, exposure of HL60 cells to 1,25D3 also led to reduc-
tion of ROS levels and protection against H2O2 stress with even
greater capacity than CA. It appears that the effect of 1,25D3 on the
cellular redox status is cell/tissue-dependent, because in breast cancer
cells (MCF-7), 1,25D3 was reported to act as a pro-oxidant (58, 59),
whereas in keratinocytes and in neurons, 1,25D3 protects against
various stress stimuli, including H2O2 (60, 61). In our study, 1,25D3

is also an antioxidant and synergizes with CA to markedly reduce the
intracellular ROS levels, which may at least in part be related to a
synergistic increase in cellular glutathione abundance. Interestingly,
although 1,25D3 alone did not change the basal glutathione content, it
greatly potentiated the CA-induced elevation of this peptide concen-
tration. The mechanism of this potentiation is unclear, although it may
be related to synergy of the two compounds at the level of glutathione
biosynthesis.

The relationship between the extent of differentiation and redox
status has not been clearly elucidated, and the available data may seem
inconsistent, although cell context and/or experimental conditions
must also be taken into consideration, e.g., in HL60 cells induced to
differentiate by either DMSO or ATRA, lower levels of ROS and
DNA damage and higher levels of GSH were observed, as compared
with undifferentiated cells (62). Furthermore, many antioxidants have
been shown to induce or enhance differentiation in leukemic cells
(Refs. 14–19, 50, and 51 and this study). However, similar differen-
tiation effects were also demonstrated for some agents that promote
intracellular ROS formation, e.g., topoisomerase inhibitor �-lapa-
chone (63) or the well-known differentiation inducer butyric acid (64).
Granulocytic differentiation of HL60 cells can be induced by the
elevation of hydroxyl radicals generated by a Fenton reaction, involv-
ing an ADP-Fe2� (or ATP-Fe2�) complex and H2O2 (65). We dem-
onstrate here that the extent of differentiation in HL60 cells is asso-
ciated with reducing conditions. Both CA and 1,25D3 decrease the
intracellular ROS levels; various antioxidants potentiate the differen-
tiating effect of 1,25D3, whereas the pro-oxidant BSO decreases it.
Importantly, BSO inhibits not only the differentiation induced by
1,25D3 but also its potentiation by CA. BSO, a specific inhibitor of
�-glutamylcysteine synthetase that catalyzes the rate-limiting step in
glutathione synthesis (33), blocked the increases in glutathione levels
by either CA or its combination with 1,25D3. Thus, the BSO reduction
of 1,25D3-induced differentiation and, particularly, its enhancement
by CA suggest that glutathione is involved in both effects, perhaps by
protecting the cells from oxidative damage expected to be generated
during the oxidative burst that characterizes the function of the ma-
turing monocyte (66). Furthermore, changes in GSH levels can lead to
the redox-sensitive modulation of transcription regulators, such as
AP-1, e.g., via the SH group of its component tripeptide lysine-
cysteine-arginine (KCR) (67), as depicted in Fig. 8, or by glutathio-
nylation of diverse proteins that can modify protein function (68).

Activation of AP-1 by 1,25D3 has been reported previously (23,
69). In the present study, we show that CA/1,25D3 combinations
increase the activation of AP-1 binding by 1,25D3, whereas CA alone
has a minor effect (Fig. 6). Although the mechanism of this activation
is still unknown, one possibility is that an up-regulation of the MAPK
pathways by the CA/1,25D3 combination demonstrated here (Fig. 5)
also contributes to increased AP-1 activity (Fig. 8). This is supported
by previous reports that 1,25D3 activates ERK in various cells, (34,
35, 70), e.g., Wang and Studzinski (35) have shown that ERK phos-
phorylation in HL60 cells is much greater during short-term (�24 h)
than long-term (48–96 h) incubations and suggested that the MEK/
ERK pathway maintains cell proliferation during the early phase of
1,25D3-induced monocytic differentiation of HL60 cells but that the

Fig. 7. CA enhances the chemotactic peptide-stimulated [Ca2�]i increase in 1,245D3-
treated cells but does not promote elevation of basal [Ca2�]i. Cells were treated with the
indicated compounds for 96 h. Cells (1 � 106) were then loaded with 2 �M fura-2 and
cytosolic-free calcium; concentration ([Ca2�]i) was monitored by spectrofluorometry, as
described in “Materials and Methods.” A, a representative experiment showing [Ca2�]i

monitoring in HL60 cells: 1, control; 2, CA (10 �M); 3, 1,25D3 (1 nM); 4, CA (10
nM) � 1,25D3 (1 nM); 5, 1,25D3 (100 nM). B, average values of basal [Ca2�]i and
fMLP-induced changes in [Ca2�]i. C and D present superoxide generation and percentage
of CD11b/CD14 double-positive cells, respectively, determined in experiments illustrated
in A and B. The means � SE of at least three similar experiments are shown in B–D.
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ERK1/2 activity becomes suppressed during the later stages of dif-
ferentiation. However, in the current study, the longer (96 h)
1,25D3/CA treatment resulted in somewhat elevated levels of P-MEK
and P-ERK and inhibition of cell proliferation, as reported previously
(19). This shows that although the RAF-ERK pathway is important for
monocytic differentiation of HL60 cells, because its inhibition reduces
the extent of 1,25D3-induced differentiation (34, 35), the activity of
this pathway is not sufficient to ensure continuation of proliferation in
differentiating cells. A possible explanation is that the up-regulation
of p35/Cdk5 complex, which occurs in CA/1,25D3-treated cells (see
Fig. 4 in Ref. 19), overrides the pro-proliferation actions of the
Raf-ERK pathway, as reported recently (71–73).

The well-known limitation to the therapeutic use of 1,25D3 is its
hypercalcemic affect. Current attempts to overcome this problem
focus on the synthesis of analogues of 1,25D3, which retain the
prodifferentiation activities but have lower calcemic effects (74).
However, in contrast to its effectiveness in the treatment of osteopo-
rosis (75) and psoriasis (76), and the efficient induction of differen-
tiation in cultured human leukemia cells (reviewed in Ref. 77), 1,25D3

and its analogues have not as yet been successfully applied to the
treatment of myeloid leukemias (78). In an attempt to determine
whether the CA/1,25D3 combination offers a potential therapeutic
advantage over analogues of 1,25D3, we also studied the effects of
CA/1,25D3 combinations on cellular calcium homeostasis. Previ-
ously, it was shown that CA enhances 1,25D3 induction of fMLP
receptors (18). Here, we show that although the fMLP-induced Ca
transients are augmented by CA, the effect on basal Ca level was only
moderate. Although this result cannot be extrapolated to reflect the
possible systemic action of CA on the calcemic effects of 1,25D3, the
result is promising and indicates that the CA/1,25D3 combinations,
although inducing a similar extent of differentiation as high doses of
1,25D3, may produce less disturbance of calcium homeostasis.

ACKNOWLEDGMENTS

We thank Dr. M. Uskokovic (BioXell) for his generous gift of 1,25D3.

REFERENCES

1. Degos, L., and Wang, Z. Y. All trans retinoic acid in acute promyelocytic leukemia.
Oncogene, 20: 7140–7145, 2001.

2. Douer, D. Advances in the treatment of relapsed acute promyelocytic leukemia. Acta
Haematol., 107: 1–17, 2002.

3. Studzinski, G. P., and Moore, D. C. Sunlight–can it prevent as well as cause cancer?
Cancer Res., 55: 4014–4022, 1995.

4. Studzinski, G. P., and Moore, D. C. Vitamin D and retardation of cancer progression.
In: R. R. Watson and S. I. Mufti (eds.), Nutrition and Cancer Prevention, Vol. 14, pp.
257–282. Boca Raton, FL: CRC Press, Inc., 1995.

5. Uskokovic, M., Studzinski, G., and Reddy, S. The 16-gene vitamin D analogs. In: D.
Feldman, F. H. Florieux, and J. W. Pike (eds.), Vitamin D, pp. 1045–1070. San
Diego: Academic Press, 1997.

6. Gulliford, T., English, J., Colston, K. W., Menday, P., Moller, S., and Coombes, R. C.
A phase I study of the vitamin D analogue EB 1089 in patients with advanced breast
and colorectal cancer. Br. J. Cancer, 78: 6–13, 1998.

7. Smith, D. C., Johnson, C. S., Freeman, C. C., Muindi, J., Wilson, J. W., and Trump,
D. L. A Phase I trial of calcitriol (1, 25-dihydroxycholecalciferol) in patients with
advanced malignancy. Clin. Cancer Res., 5: 1339–1345, 1999.

8. Beer, T. M., Munar, M., and Henner, W. D. A Phase I trial of pulse calcitriol in
patients with refractory malignancies: pulse dosing permits substantial dose escala-
tion. Cancer (Phila.), 91: 2431–2439, 2001.

9. Lathers, D. M., Clark, J. I., Achille, N. J., and Young, M. R. Phase IB study of
25-hydroxyvitamin D3 treatment to diminish suppressor cells in head and neck cancer
patients. Hum. Immunol., 62: 1282–1293, 2001.

10. Evans, T. R., Colston, K. W., Lofts, F. J., Cunningham, D., Anthoney, D. A., Gogas,
H., de Bono, J. S., Hamberg, K. J., Skov, T., and Mansi, J. L. A phase II trial of the
vitamin D analogue Seocalcitol (EB1089) in patients with inoperable pancreatic
cancer. Br. J. Cancer, 86: 680–685, 2002.

11. Hershberger, P. A., Yu, W. D., Modzelewski, R. A., Rueger, R. M., Johnson, C. S.,
and Trump, D. L. Calcitriol (1, 25-dihydroxycholecalciferol) enhances paclitaxel
antitumor activity in vitro and in vivo and accelerates paclitaxel-induced apoptosis.
Clin. Cancer Res., 7: 1043–1051, 2001.

12. Bernardi, R. J., Trump, D. L., Yu, W. D., McGuire, T. F., Hershberger, P. A., and
Johnson, C. S. Combination of 1�, 25-dihydroxyvitamin D3 with dexamethasone
enhances cell cycle arrest and apoptosis: role of nuclear receptor cross-talk and
Erk/Akt signaling. Clin. Cancer Res., 7: 4164–4173, 2001.

13. Yu, W. D., McElwain, M. C., Modzelewski, R. A., Russell, D. M., Smith, D. C.,
Trump, D. L., and Johnson, C. S. Enhancement of 1, 25-dihydroxyvitamin D3-
mediated antitumor activity with dexamethasone. J. Natl. Cancer Inst. (Bethesda), 90:
134–141, 1998.

14. Sokoloski, J. A., Shyam, K., and Sartorelli, A. C. Induction of the differentiation of
HL-60 promyelocytic leukemia cells by curcumin in combination with low levels of
vitamin D3. Oncol. Res., 9: 31–39, 1997.

15. Liu, Y., Chang, R. L., Cui, X. X., Newmark, H. L., and Conney, A. H. Synergistic
effects of curcumin on all-trans retinoic acid- and 1�, 25-dihydroxyvitamin D3-
induced differentiation in human promyelocytic leukemia HL-60 cells. Oncol. Res.,
9: 19–29, 1997.

16. Kang, S. N., Lee, M. H., Kim, K. M., Cho, D., and Kim, T. S. Induction of human
promyelocytic leukemia HL-60 cell differentiation into monocytes by silibinin: in-
volvement of protein kinase C. Biochem. Pharmacol., 61: 1487–1495, 2001.

17. Amir, A., Karas, M., Giat, J., Danilenko, M., Levy, R., Yermiahu, T., Levy, J., and
Sharoni, Y. Lycopene and 1, 25-dihydroxyvitamin-D3 cooperate in the inhibition of
cell cycle progression and induction of differentiation in HL-60 leukemic cells. Nutr.
Cancer, 33: 105–112, 1999.

18. Steiner, M., Priel, I., Giat, J., Levy, J., Sharoni, Y., and Danilenko, M. Carnosic acid
inhibits proliferation and augments differentiation of human leukemic cells induced
by 1, 25-dihydroxyvitamin D3 and retinoic acid. Nutr. Cancer, 41: 135–144, 2001.

19. Danilenko, M., Wang, X., and Studzinski, G. P. Carnosic acid and promotion of
monocytic differentiation of HL60-G cells initiated by other agents. J. Natl. Cancer
Inst. (Bethesda), 93: 1224–1233, 2001.

20. Studzinski, G. P., Reddy, K. B., Hill, H. Z., and Bhandal, A. K. Potentiation of
1-�-D-arabinofuranosylcytosine cytotoxicity to HL-60 cells by 1, 25-dihydroxyvita-
min D3 correlates with reduced rate of maturation of DNA replication intermediates.
Cancer Res., 51: 3451–3455, 1991.

21. Gallagher, R., Collins, S., Trujillo, J., McCredie, K., Ahearn, M., Tsai, S., Metzgar,
R., Aulakh, G., Ting, R., Ruscetti, F., and Gallo, R. Characterization of the contin-
uous, differentiating myeloid cell line (HL-60) from a patient with acute promyelo-
cytic leukemia. Blood, 54: 713–733, 1979.

22. Andrews, N. C., and Faller, D. V. A rapid micropreparation technique for extraction
of DNA-binding proteins from limiting numbers of mammalian cells. Nucleic Acids
Res., 19: 2499, 1991.

23. Kolla, S. S., and Studzinski, G. P. Resolution of multiple AP-1 complexes in HL-60
cells induced to differentiate by 1, 25-dihydroxyvitamin D3. J. Cell. Physiol., 156:
63–71, 1993.

24. Delia, D., Aiello, A., Meroni, L., Nicolini, M., Reed, J. C., and Pierotti, M. A. Role
of antioxidants and intracellular free radicals in retinamide-induced cell death. Car-
cinogenesis, 18: 943–948, 1997.

25. Witenberg, B., Kalir, H. H., Raviv, Z., Kletter, Y., Kravtsov, V., and Fabian, I.
Inhibition by ascorbic acid of apoptosis induced by oxidative stress in HL-60 myeloid
leukemia cells. Biochem. Pharmacol., 57: 823–832, 1999.

26. Griffith, O. W. Determination of glutathione and glutathione disulfide using gluta-
thione reductase and 2-vinylpyridine. Anal. Biochem., 106: 207–212, 1980.

27. Anderson, M. E., Determination of glutathione and glutathione disulfide in biological
samples. Methods Enzymol., 113: 548–555, 1985.

28. Wang, X., Gardner, J. P., Kheir, A., Uskokovic, M. R., and Studzinski, G. P.
Synergistic induction of HL60 cell differentiation by ketoconazole and 1-desoxy
analogues of vitamin D3. J. Natl. Cancer Inst. (Bethesda), 89: 1199–1206, 1997.

29. Gardner, J. P., Zhang, F., Uskokovic, M. R., and Studzinski, G. P. Vitamin D analog
25-(OH)-16, 23E-Diene-26, 27-hexafluoro-vitamin D3 induces differentiation of
HL60 cells with minimal effects on cellular calcium homeostasis. J. Cell. Biochem.,
63: 500–512, 1996.

Fig. 8. Schematic representation of the hypothesis for the cooperation between anti-
oxidants and 1,25D3 in the facilitation of AP-1 function. Activation of the c-Jun-NH2-
terminal kinase pathway is known to be associated with 1,25D3-induced differentiation
(36), and antioxidants may increase the activity of AP-1 up-regulated by 1,25D3. KCR is
a tripetide in the DNA-binding region of both Jun and Fos proteins with reduced cysteine
(SH), and the maintenance of the reduced state of these groups is required for DNA
binding (modified from Ref. 67).

1331

ANTIOXIDANTS AND DIFFERENTIATION
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2512469/ch0603001325.pdf by guest on 19 M
ay 2023



30. Aruoma, O. I., Halliwell, B., Aeschbach, R., and Loligers, J. Antioxidant and
pro-oxidant properties of active rosemary constituents: carnosol and carnosic acid.
Xenobiotica, 22: 257–268, 1992.

31. Masuda, T., Inaba, Y., and Takeda, Y. Antioxidant mechanism of carnosic acid:
structural identification of two oxidation products. J. Agric. Food Chem., 49: 5560–
5565, 2001.

32. Sergediene, E., Jonsson, K., Szymusiak, H., Tyrakowska, B., Rietjens, I. M., and
Cenas, N. Prooxidant toxicity of polyphenolic antioxidants to HL-60 cells: description
of quantitative structure-activity relationships. FEBS Lett., 462: 392–396, 1999.

33. Anderson, M. E. Glutathione: an overview of biosynthesis and modulation. Chem.-
Biol. Interact, 111–112: 1–14, 1998.

34. Marcinkowska, E. Evidence that activation of MEK1, 2/erk1, 2 signal transduction
pathway is necessary for calcitriol-induced differentiation of HL-60 cells. Anticancer
Res., 21: 499–504, 2001.

35. Wang, X., and Studzinski, G. P. Activation of extracellular signal-regulated kinases
(ERKs) defines the first phase of 1, 25-dihydroxyvitamin D3-induced differentiation
of HL60 cells. J. Cell. Biochem., 80: 471–482, 2001.

36. Wang, X., Rao, J., and Studzinski, G. P. Inhibition of p38 MAP kinase activity
up-regulates multiple MAP kinase pathways and potentiates 1, 25-dihydroxyvitamin
D3-induced differentiation of human leukemia HL60 cells. Exp. Cell Res., 258:
425–437, 2000.

37. Whitmarsh, A. J., and Davis, R. J. Transcription factor AP-1 regulation by mitogen-
activated protein kinase signal transduction pathways. J. Mol. Med., 74: 589–607,
1996.

38. Karin, M. The regulation of AP-1 activity by mitogen-activated protein kinases.
Philos. Trans. R. Soc. Lond. B Biol. Sci., 351: 127–134, 1996.

39. Aragones, J., Lopez-Rodriguez, C., Corbi, A., del Arco, P. G., Lopez-Cabrera, M., de
Landazuri, M. O., and Redondo, J. M. Dithiocarbamates trigger differentiation and
induction of CD11c gene through AP-1 in the myeloid lineage. J. Biol. Chem., 271:
10924–10931, 1996.

40. Li, J., King, I., and Sartorelli, A. C. Differentiation of WEHI-3B D� myelomonocytic
leukemia cells induced by ectopic expression of the protooncogene c-jun. Cell
Growth Differ., 5: 743–751, 1994.

41. Kolla, S. S., and Studzinski, G. P. Constitutive DNA binding of the low mobility
forms of the AP-1 and Sp-1 transcription factors in HL60 cells resistant to 1-�-D-
arabinofuranosylcytosine. Cancer Res., 54: 1418–1421, 1994.

42. Qi, X., Pramanik, R., Wang, J., Schultz, R. M., Maitra, R. K., Han, J., DeLuca, H. F.,
and Chen, G. The p38 and JNK pathways cooperate to trans-activate vitamin D
receptor via c-Jun/AP-1 and sensitize human breast cancer cells to vitamin D3-
induced growth inhibition. J. Biol. Chem., 277: 25884–25892, 2002.

43. Kelley, M. R., and Parsons, S. H. Redox regulation of the DNA repair function of the
human AP endonuclease Ape1/ref-1. Antioxid Redox Signal., 3: 671–683, 2001.

44. Hruska, K. A., Bar-Shavit, Z., Malone, J. D., and Teitelbaum, S. Ca2� priming
during vitamin D-induced monocytic differentiation of a human leukemia cell line.
J. Biol. Chem., 263: 16039–16044, 1988.

45. Levy, R., Nathan, I., Barnea, E., Chaimovitz, C., and Shany, S. The involvement of
calcium ions in the effect of 1, 25-dihydroxyvitamin D3 on HL-60 cells. Exp.
Hematol., 16: 290–294, 1988.

46. Barnea, E., Levy, R., Zimlichman, R., and Shany, S. 1, 25-Dihydroxyvitamin D3

enhances cytosolic free calcium in HL-60 cells. Exp. Hematol., 18: 1147–1151, 1990.
47. Gardner, J. P., Balasubramanyam, M., and Studzinski, G. P. Up-regulation of Ca2�

influx mediated by store-operated channels in HL60 cells induced to differentiate by
1 alpha, 25-dihydroxyvitamin D3. J. Cell. Physiol., 172: 284–295, 1997.

48. Mangelsdorf, D. J., Koeffler, H. P., Donaldson, C. A., Pike, J. W., and Haussler,
M. R. 1, 25-Dihydroxyvitamin D3-induced differentiation in a human promyelocytic
leukemia cell line (HL-60): receptor-mediated maturation to macrophage-like cells.
J. Cell Biol., 98: 391–398, 1984.

49. Polla, B. S., Werlen, G., Clerget, M., Pittet, D., Rossier, M. F., and Capponi, A. M.
1, 25-dihydroxyvitamin D3 induces responsiveness to the chemotactic peptide f-Met-
Leu-Phe in the human monocytic line U937: dissociation between calcium and
oxidative metabolic responses. J. Leukoc. Biol., 45: 381–388, 1989.

50. Lopez-Lluch, G., Blazquez, M. V., Perez-Vicente, R., Macho, A., Buron, M. I.,
Alcain, F. J., Munoz, E., and Navas, P. Cellular redox state and activating protein-1
are involved in ascorbate effect on calcitriol-induced differentiation. Protoplasma,
217: 129–136, 2001.

51. Sokoloski, J. A., Hodnick, W. F., Mayne, S. T., Cinquina, C., Kim, C. S., and
Sartorelli, A. C. Induction of the differentiation of HL-60 promyelocytic leukemia
cells by vitamin E and other antioxidants in combination with low levels of vitamin
D3: possible relationship to NF-kB. Leukemia (Baltimore), 11: 1546–1553, 1997.

52. Fiander, H., and Schneider, H. Dietary ortho phenols that induce glutathione S-
transferase and increase the resistance of cells to hydrogen peroxide are potential
cancer chemopreventives that act by two mechanisms: the alleviation of oxidative
stress and the detoxication of mutagenic xenobiotics. Cancer Lett., 156: 117–124,
2000.

53. Frankel, E. N., Huang, S-W., Aeschbach, R., and Prior, E. Antioxidant activity of a
rosemary extract and its constituents, carnosic acid, carnosol, and rosmarinic acid, in
bulk oil and oil-in-water emulsion. J. Agric. Food Chem., 131: 131–135, 1996.

54. Haraguchi, H., Saito, T., Okamura, N., and Yagi, A. Inhibition of lipid peroxidation
and superoxide generation by diterpenoids from Rosmarinus officinalis. Planta Med.,
61: 333–336, 1995.

55. Kuzmenko, A. I., Morozova, R. P., Nikolenko, I. A., Donchenko, G. V., Richheimer,
S. L., and Bailey, D. T. Chemiluminescence determination of the in vivo and in vitro
antioxidant activity of RoseOx and carnosic acid. J. Photochem. Photobiol. B, 48:
63–67, 1999.

56. Pearson, D. A., Frankel, E. N., Aeschbach, R., and German, J. B. Inhibition of
endothelial cell-mediated oxidation of low-density lipoprotein by rosemary and plant
phenolics. J. Agric. Food Chem., 45: 578–582, 1997.

57. Frank, J., Biesalski, H. K., Dominici, S., and Pompella, A. The visualization of
oxidant stress in tissues and isolated cells. Histol. Histopathol., 15: 173–184, 2000.

58. Narvaez, C. J., and Welsh, J. Role of mitochondria and caspases in vitamin D-
mediated apoptosis of MCF-7 breast cancer cells. J. Biol. Chem., 276: 9101–9107,
2001.

59. Koren, R., Hadari-Naor, I., Zuck, E., Rotem, C., Liberman, U. A., and Ravid, A.
Vitamin D is a prooxidant in breast cancer cells. Cancer Res., 61: 1439–1444, 2001.

60. Ravid, A., Rubinstein, E., Gamady, A., Rotem, C., Liberman, U. A., and Koren, R.
Vitamin D inhibits the activation of stress-activated protein kinases by physiological
and environmental stresses in keratinocytes. J. Endocrinol., 173: 525–532, 2002.

61. Ibi, M., Sawada, H., Nakanishi, M., Kume, T., Katsuki, H., Kaneko, S., Shimohama,
S., and Akaike, A. Protective effects of 1 alpha, 25-(OH)2D3 against the neurotoxicity
of glutamate and reactive oxygen species in mesencephalic culture. Neuropharma-
cology, 40: 761–771, 2001.

62. Covacci, V., Torsello, A., Palozza, P., Sgambato, A., Romano, G., Boninsegna, A.,
Cittadini, A., and Wolf, F. I. DNA oxidative damage during differentiation of HL-60
human promyelocytic leukemia cells. Chem. Res. Toxicol., 14: 1492–1497, 2001.

63. Chau, Y. P., Shiah, S. G., Don, M. J., and Kuo, M. L. Involvement of hydrogen
peroxide in topoisomerase inhibitor beta-lapachone-induced apoptosis and differen-
tiation in human leukemia cells. Free Radic. Biol. Med., 24: 660–670, 1998.

64. Richard, D., Hollender, P., and Chenais, B. Butyric acid increases invasiveness of
HL-60 leukemia cells: role of reactive oxygen species. FEBS Lett., 518: 159–163,
2002.

65. Nagy, K., Pasti, G., Bene, L., and Zs-Nagy, I. Induction of granulocytic maturation in
HL-60 human leukemia cells by free radicals: a hypothesis of cell differentiation
involving hydroxyl radicals. Free Radic. Res. Commun., 19: 1–15, 1993.

66. Davis, W., Jr., Ronai, Z., and Tew, K. D. Cellular thiols and reactive oxygen species
in drug-induced apoptosis. J. Pharmacol. Exp. Ther., 296: 1–6, 2001.

67. Gius, D., Botero, A., Shah, S., and Curry, H. A. Intracellular oxidation/reduction
status in the regulation of transcription factors NF-kappaB and AP-1. Toxicol. Lett.,
106: 93–106, 1999.

68. Dandrea, T., Bajak, E., Warngard, L., and Cotgreave, I. A. Protein S-glutathionylation
correlates to selective stress gene expression and cytoprotection. Arch. Biochem.
Biophys., 406: 241–252, 2002.

69. Wang, X., and Studzinski, G. P. Inhibition of p38MAP kinase potentiates the
JNK/SAPK pathway and AP-1 activity in monocytic but not in macrophage or
granulocytic differentiation of HL60 cells. J. Cell. Biochem., 82: 68–77, 2001.

70. Dwivedi, P. P., Hii, C. S., Ferrante, A., Tan, J., Der, C. J., Omdahl, J. L., Morris,
H. A., and May, B. K. Role of MAP kinases in the 1, 25-dihydroxyvitamin D3-
induced transactivation of the rat cytochrome P450C24 (CYP24) promoter: specific
functions for ERK1/ERK2 and ERK5. J. Biol. Chem., 277: 29643–29653, 2002.

71. Chen, F., and Studzinski, G. P. Cyclin-dependent kinase 5 activity enhances mono-
cytic phenotype and cell cycle traverse in 1, 25-dihydroxyvitamin D3-treated HL60
cells. Exp. Cell Res., 249: 422–428, 1999.

72. Chen, F., Rao, J., and Studzinski, G. P. Specific association of increased cyclin-
dependent kinase 5 expression with monocytic lineage of differentiation of human
leukemia HL60 cells. J. Leukoc. Biol., 67: 559–566, 2000.

73. Chen, F., and Studzinski, G. P. Expression of the neuronal cyclin-dependent kinase 5
activator p35Nck5a in human monocytic cells is associated with differentiation.
Blood, 97: 3763–3767, 2001.

74. Hisatake, J., O’Kelly, J., Uskokovic, M. R., Tomoyasu, S., and Koeffler, H. P. Novel
vitamin D3 analog, 21-(3-methyl-3-hydroxy-butyl)-19-nor D3, that modulates cell
growth, differentiation, apoptosis, cell cycle, and induction of PTEN in leukemic
cells. Blood, 97: 2427–2433, 2001.

75. Fujita, T. Vitamin D in the treatment of osteoporosis. Proc. Soc. Exp. Biol. Med., 199:
394–399, 1992.

76. Holick, M. F. Will 1, 25-dihydroxyvitamin D3, MC 903, and their analogues herald
a new pharmacologic era for the treatment of psoriasis? Arch. Dermatol., 125:
1692–1697, 1989.

77. James, S. Y., Williams, M. A., Newland, A. C., and Colston, K. W. Leukemia cell
differentiation: cellular and molecular interactions of retinoids and vitamin D. Gen.
Pharmacol., 32: 143–154, 1999.

78. Koeffler, H. P., Hirji, K., and Itri, L. 1, 25-Dihydroxyvitamin D3: in vivo and in vitro
effects on human preleukemic and leukemic cells. Cancer Treat. Rep., 69: 1399–
1407, 1985.

1332

ANTIOXIDANTS AND DIFFERENTIATION
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2512469/ch0603001325.pdf by guest on 19 M
ay 2023


