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Abstract

It was previously shown that 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) enhances the cytotoxic activity of tumor necrosis
factor a (TNFa), doxorubicin and menadione. A feature shared by these anticancer agents is the involvement of reactive oxygen

species (ROS) in their action. In this work we found that 1,25(OH)2D3 acted synergistically with interleukin 1 b (IL-1b) or
interleukin 6 (IL-6) to inhibit the proliferation of MCF-7 breast cancer cells. The extent of the synergism was maximal at 1 nM,
a concentration at which 1,25(OH)2D3, acting singly, only marginally reduced the cell number. The thiol antioxidant, N-

acetylcysteine (NAC) abolished the synergism between IL-1b or IL-6 and 1,25(OH)2D3, but had only a small protective e�ect
when the cytokines acted alone. NAC and reduced glutathione (GSH) protected MCF-7 cells from cytotoxicity induced both by
TNFa alone and by TNFa and 1,25(OH)2D3. A two-day exposure to TNFa caused a 27:723:1% (mean2SEM) reduction in
GSH content. This e�ect increased to 46:425:5% by co-treatment with 1,25(OH)2D3 which did not a�ect GSH levels on it own.

We conclude that 1,25(OH)2D3 can act synergistically with anticancer cytokines present in the tumor milieu and that ROS plays
a mediatory role in this interaction. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recent epidemiological studies provide evidence sup-
porting the claim that the hormonal form of vitamin
D, 1,25-dihydroxyvitamin D (1,25(OH)2D), may have
a role in the host anticancer defense activity. Examples
of such studies include the following: (1) Studies of
polymorphism in the vitamin D receptor gene indicate

a linkage between prostate cancer incidence and the
expression of a speci®c receptor allele [1±3]; (2) Pre-
sence of vitamin D receptors in tumor cells has been
associated with slower tumor progression in breast
cancer patients [4]; (3) Inverse correlation between
tumor incidence and progression on the one hand and
serum levels of vitamin D metabolites or vitamin D
intake on the other hand, have been reported for col-
orectal, prostate and breast cancer [5]. Intriguingly,
some studies report a signi®cant correlation with the
serum levels of 25-hydroxyvitamin D, the biologically
inert parent compound of 1,25(OH)2D3 [6,7]. A poss-
ible explanation for this could be that 1,25(OH)2D is
produced from its precursor 25 hydroxyvitamin D in
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the tumor milieu by tumor-associated macrophages or,
in some cases, by the tumor cells themselves [8±11].

The anticancer potential of vitamin D in vivo
was also demonstrated in animal studies [5] and in

preliminary clinical trials [12,13] with natural and

synthetic vitamin D receptor agonists. Many
researchers attribute the in vivo anticancer activity

of active vitamin D metabolites and analogs to
their ability to inhibit tumor cell proliferation, to

induce di�erentiation and, in some cases, apoptosis
[5]. Furthermore, our recent studies showed that

treatment with 1,25(OH)2D3 sensitizes cancer cells to

the tumoricidal activity of the immune cytokine, tumor
necrosis factor (TNF) [14,15], in addition to its direct

e�ect on tumor cell proliferation and viability. This ac-
tivity may contribute to the anticancer potential of the

hormone, since both the hormone and the cytokine

may be both produced whenever immune cells in®l-
trate incipient or progressing tumors [8±11,16,17].

Two other cytokines with potential anticancer ac-

tivity that are also present in the tumor milieu are

interleukin 1 (IL-1) and interleukin 6 (IL-6). IL-1
which is produced by tumor-associated leukocytes

and some tumor cells [16±19] inhibits proliferation
and induces death of various cancer cells [20±22].

On the other hand, IL-6 was shown to have both

stimulatory and inhibitory e�ects on cells from
di�erent origins [23]. In the case of breast cancer

cells, this cytokine was shown to inhibit prolifer-
ation [24].

We have reported recently that cells treated with
1,25(OH)2D3 are more susceptible not only to the

cytotoxic action of TNFa but also to that of the antic-
ancer drug doxorubicin and the cytotoxic quinone,

menadione [25]. A common feature shared by these
three agents is the involvement of reactive oxygen

species (ROS) in their cytotoxic action, which is due,

at least partially, to the increased rate of superoxide
generation by various metabolic pathways [26±32]. IL-

1 seems to resemble TNFa in this respect [33,34].
Although IL-6 was shown to increase superoxide pro-

duction by neutrophils [35] and hepatocytes [36], to

our knowledge there is no evidence regarding a similar
action in other cell types. Our previous results suggest

that ROS have a role in the potentiation of doxorubi-
cin action by 1,25(OH)2D3 and that the e�ect of the

hormone is associated with decreased expression of the

antioxidant enzyme Cu/Zn superoxide dismutase [25].

The present study aims to expand these ®ndings by
addressing the following questions: (1), Does

1,25(OH)2D3 enhance the cytostatic/cytotoxic activity

of other cytokines with a presumed role in the antican-
cer activity of the immune system? (2) To what extent

are ROS involved in the combined anticancer activity
of 1,25(OH)2D3 and such cytokines?

2. Materials and methods

2.1. Materials

Tissue culture media were purchased from Biological
Industries, Beit Haemek, Israel. Tissue culture dishes
were from Corning Glass Work, Corning, NY, USA.
1,25(OH)2D3 was obtained from Ho�man-LaRoche,
Nutley, NJ, USA (the generous gift of Dr. M. Usko-
kovic is recognized). Human recombinant TNFa and
IL-1b were obtained from PeproTech, Rocky Hill, NJ,
USA. IL-6 was from Interpharm Laboratories, Ness
Ziona, Israel. Crystal violet (CV) was from Edward
Gurr, London, UK. N-Acetylcysteine (NAC) and
reduced glutathione (GSH) were purchased from
Sigma, St. Louis, MO, USA. All other reagents were
of analytical grade.

2.2. Cell culture

MCF-7 human breast cancer cells were cultured in
Dulbecco's Modi®ed Eagle Medium (DMEM) contain-
ing 4.5 g/l glucose and supplemented with 10% fetal
calf serum and antibiotics. Cells were sub-cultured
twice weekly. For the assessment of the cytostatic/
cytotoxic activity of cytokines 3000 or 10,000 cells/well
were plated in 96-well microtiter plates. For determi-
nation of acid soluble thiols: 3� 105 cells were plated
in a 60-mm petri dish. Cultures were treated with
1,25(OH)2D3 and/or cytokines for 24±48 h after seed-
ing. The 1,25(OH)2D3 vehicle ethanol was added to
control cultures, and its concentration was kept at or
below 0.06%.

2.3. Monitoring of cell number

Cells were quanti®ed by CV staining as described in
[37]. In brief, after removal of culture medium, cells
were incubated with a CV solution (1% w/v in 20%
ethanol) for 15 min at room temperature and rinsed in
water thoroughly. After drying, the dye was extracted
with 70% ethanol and its absorbance determined at
550 nm using a microplate reader. In a preliminary ex-
periment we found a linear relationship �r � 0:999�
between cell number and CV staining in the range of
2000±100,000 cells/well. The cells inoculated at a den-
sity of 2000±10,000 cells/well entered the proliferative
phase following a lag of 48 h. Proliferation continued
for at least four additional days for cells seeded at
2000±5000 cells/well and for three additional days for
cells seeded at 5000±10,000 cells/well.

2.4. Calculations

The inhibitory e�ect of each agent added to the cul-
tures was calculated as follows: Inhibition (%) = [1 ÿ
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(CV staining in treated wells/CV staining in control
wells)] � 100. The theoretical additive inhibitory e�ect
of the agents a and b was calculated as described in
[37,38] using the following equation:

Iab � 100� �1ÿ �1ÿ Ia=100� � �1ÿ Ib=100�
�

where Iab is the calculated additive inhibitory e�ect
expressed as % inhibition. Ia and Ib are the measured
inhibitory e�ects (%) of each agent acting alone as
compared with that of the control cultures. This
equation was derived assuming the inhibitory agents
act independently on the same target population.

2.5. Determination of low molecular weight thiols

Cells were removed from culture dishes by incu-
bation in PBS containing 5 mM EDTA (PBS-EDTA)
at 48C. The acid soluble fraction, extracted with 2%
sulfosalicylic acid in PBS-EDTA and cleared by cen-
trifugation �16,000� g for 1 min), was used to deter-
mine non-protein sulfhydryl groups. Four aliquots of
di�erent volumes of the acid extract from each culture
dish were transferred to 96-well microtiter plates and
adjusted to pH 8 with Tris bu�er (1 M). Quanti®cation
of total sulfhydryl groups was performed by the
method of Ellman [39]. Data from each culture dish
were analyzed by linear regression and the r values
were never less then 0.98. Data were expressed as glu-
tathione equivalents (nmol/mg protein) using a gluta-
thione standard curve. Protein content was determined
by the method of Lowry et al. [40] adapted to 96
microtiter plates.

3. Results

MCF-7 cells are a well studied target for the action
of vitamin D receptor agonists, and the synergistic in-
teraction between the immune cytokine TNF and
1,25(OH)2D3 was ®rst established using this model
[14]. Our ®rst aim was to examine whether
1,25(OH)2D3 also a�ects the antiproliferative activity
of the two other cytokines, IL-1b and IL-6. The data
presented in Figs. 1±3 indicate that this is indeed the
case. Fig. 1 illustrates the interaction between
1,25(OH)2D3 and a suboptimal concentration (0.1 ng/
ml) of IL-1b which inhibits MCF-7 cell proliferation
by 015%. A four-day treatment with 1,25(OH)2D3 (10
nM) alone resulted in a slight reduction in cell number

Fig. 2. The dose response of the e�ect of 1,25(OH)2D3 on MCF-7

cells in the presence or absence of IL-1b. Cells were seeded and trea-

ted as described in the legend to Fig. 1, 1,25(OH)2D3 at various con-

centrations was added alone or together with IL-1b (0.3 ng/ml).

Synergy (Fig. 2(a)) is expressed as the ratio between the observed

and the calculated additive inhibitory e�ect. The inhibitory e�ect of

1,25(OH)2D3 alone (Fig. 2(b)) was calculated in respect to vehicle-

treated cultures. Each data point represents the mean2SEM of ®ve

independent experiments each performed with ®ve replicate cultures.

Fig. 1. The e�ect of 1,25(OH)2D3 and IL-1b on MCF-7 cell cultures.

MCF-7 cells were seeded in 96-well microtiter plates (3000 cells/

well). 24 h later cells were treated with 1,25(OH)2D3 (10 nM), IL-1b
(0.1 ng/ml) or both. Cells were stained with CV 96 h later. This ex-

periment is one of the 14 independent experiments conducted in the

same protocol. The data are expressed as percent inhibition com-

pared with cultures treated with the vehicle ethanol. Each bar rep-

resents the average of ®ve replicate cultures. The open bar denotes

the calculated additive inhibitory e�ect.
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(2±10% in di�erent experiments). The actual antiproli-
ferative e�ect of the cytokine±hormone combination
was more pronounced than that would be expected
had IL-1b and 1,25(OH)2D3 acted in a strictly additive
manner. (The theoretical additive inhibitory e�ect was
calculated as described in [37,38]). The extent of syner-
gism between the hormone and cytokine was expressed
as the ratio between the observed inhibitory e�ect of
the hormone±cytokine combination and the calculated
additive inhibitory e�ect (denoted as synergistic ratio
Ð SR). In 13 out of 14 independent experiments, simi-
lar to those shown in Fig. 1, we found synergistic in-
teraction between IL-1b and 1,25(OH)2D3

�SR � 1:5120:12, mean 2 SEM, was signi®cantly
di�erent from 1, p < 1� 10ÿ4, Student's t-test). The
extent of the synergism was dependent on the concen-
tration of 1,25(OH)2D3, attaining maximum between 1
and 10 nM (Fig. 2(a)). It is interesting that the cyto-
static/apoptotic [5,41] action of 1,25(OH)2D3 by itself
was notable only at much higher concentrations of the
hormone (Fig. 2(b)). At a concentration of 1 nM,
1,25(OH)2D3 only marginally reduced the cell number
in culture and the e�ect increased dose dependently at
least up to a concentration of 100 nM. These ®ndings
may suggest that di�erent mechanisms underlie the
e�ects of 1,25(OH)2D3 acting singly or in combination
with IL-1b.

1,25(OH)2D3 acted synergistically also with IL-6 to
reduce MCF-7 cell number in culture (Fig. 3). The
e�ect was reproducible in four independent exper-
iments. (SR values averaged 2:8820:57, mean2SEM,
p < 0:05).

The second objective of this work was to assess the
involvement of ROS in the combined action of the
cytokines and 1,25(OH)2D3. This issue was addressed
by examining the protective e�ect of the thiol antioxi-
dant N-acetylcysteine (NAC). NAC is thought to act

by raising intracellular concentrations of glutathione
and by direct scavenging of ROS [42,43]. Preliminary
experiments showed that NAC was inhibitory by itself
to MCF-7 cell proliferation at concentrations higher
then 10 mM. Therefore, higher concentrations were
avoided in subsequent experiments.

We ®rst examined the e�ect of NAC on the syner-
gistic interaction between 1,25(OH)2D3 and the cyto-
kines, IL-1b and IL-6. The results of one out of four
independent experiments with similar results performed
with IL-1b and out of three with IL-6 are shown in
Fig. 4. Whereas NAC had only a small protective
e�ect against IL-1b and IL-6 activities when acting on
their own, it completely prevented the synergistic inter-
action between the cytokines and the hormone. These
results strongly suggest a mediatory role for ROS in
the interaction between 1,25(OH)2D3 and these cyto-
kines.

It has been reported that TNFa induces apoptosis in
MCF-7 cells in a ROS-dependent process [44]. The
antioxidants NAC and GSH were employed to assess
the role of ROS in the interaction between
1,25(OH)2D3 and this cytokine. In accordance with
our previous ®ndings described in detail in [14], co-
treatment of cells with 1,25(OH)2D3 and TNFa mark-
edly enhanced the cytotoxic potency of the cytokine
(Figs. 5 and 6). Incubation of cells with various con-
centrations of TNFa in the presence of NAC for 48 h
resulted in partial inhibition of TNFa toxicity both in
the presence or absence of 1,25(OH)2D3 (Fig. 5(a)).
Similar results were obtained when GSH was used as
the antioxidant (Fig. 5(b)).

Fig. 4. The e�ect of NAC on the cytostatic/toxic activities of IL-1b,
IL-6 alone and together with 1,25(OH)2D3. Cells were seeded, trea-

ted and harvested as described in the legend to Fig. 3. 1,25(OH)2D3

(10 nM), IL-1b (1 ng/ml), IL-6 (25 ng/ml) and NAC (10 mM) were

added 24 h after seeding. The experiment represents one out of four

similar experiments performed with IL-1b and one out of three with

IL-6. Each bar represents the mean2STD of ®ve replicate cultures.

(In these experiments cultures treated with both cytokines were mon-

itored in parallel. Since the optimal time for observing the e�ect of

IL-6 is 48 h, the incubation time with IL-1b was shortened as well

(compare with Fig. 1) and consequently its concentration was raised

to 1 ng/ml).

Fig. 3. The e�ect of 1,25(OH)2D3 and IL-6 on MCF-7 cell cultures.

The cells were seeded and treated as described in the legend to Fig. 1

except that the cytokine added was IL-6 (25 ng/ml) and CV staining

was performed 48 h after treatment. Data are expressed as in Fig. 1.

This experiment is representative of four independent experiments.

Each bar represents the average of ®ve replicate cultures.
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From the results shown in Figs. 5 and 6 it seems
that the antioxidants exert a weaker protective e�ect
against the combined cytotoxic activity of TNFa and
1,25(OH)2D3 than against that of TNFa alone. A
plausible explanation for this observation is that both
the cytotoxic activity of TNFa and its enhancement by
1,25(OH)2D3 are ROS-dependent and that the reduced
protective e�ect of the antioxidants after hormone
treatment is due to their limited capacity to cope with
the increased oxidative challenge. The results shown in
Fig. 6 bear out this assumption. We pooled the data
from ®ve and four independent experiments performed
with NAC and GSH, respectively. In these experiments
we determined the protective e�ects of NAC and GSH
on the cytotoxic activity of di�erent TNFa concen-
trations in the presence or absence of 1,25(OH)2D3

(100 nM). We found a highly signi®cant inverse corre-
lation between the protective e�ects of the thiol antiox-
idants and the extent of cytotoxicity. Moreover, the
regression lines describing the data derived from cul-
tures treated with TNFa alone or with TNFa and

1,25(OH)2D3 are indistinguishable. We conclude from
these experiments that the protective e�ect of the anti-
oxidants was determined independently by the severity
of the cytotoxic e�ect, whether increased cell damage
was due to higher TNFa concentration or addition of
1,25(OH)2D3. We further infer that as with TNFa on
its own, ROS has a mediatory role in the enhanced
cytotoxic activity of the cytokine in the presence of
1,25(OH)2D3.

The involvement of ROS in the interplay between
1,25(OH)2D3 and the three cytokines, TNFa, IL-1b

Fig. 5. The e�ect of NAC and GSH on the cytotoxic activity of

TNF alone and together with 1,25(OH)2D3. Cells were seeded in 96-

well microtiter plates (104 cells/well). 24 h later cells were treated

with TNF, NAC (10 mM, Fig. 5(a)), GSH (15 mM, Fig. 5(b)) and

1,25(OH)2D3 (100 nM). This experiment is representative of ®ve or

four experiments performed with NAC or GSH, respectively. Data,

presented as % cytotoxicity, are the mean2STD of three replicate

cultures. Cytotoxicity was calculated with respect to parallel cultures

containing all additives except TNF.

Fig. 6. Correlation between the protective e�ect of thiol antioxidants

and cytotoxicity induced by TNF and 1,25(OH)2D3. Data were

pooled from experiments identical to those described in Fig. 5(a) and

(b) for the correlations in Fig. 6(a) and (b), respectively. The concen-

tration range of TNF was 0.5±10 ng/ml for Fig. 6(a) and 0.5±5 ng/

ml for Fig. 6(b). ``Protection'' is the extent of reduction in cytotox-

icity as a result of the addition of the antioxidant (NAC in Fig. 6(a)

and GSH in Fig. 6(b)). The correlation coe�cients were r � 0:61
�p � 9� 10ÿ6� for Fig. 6(a) and r � 0:75 �p � 1:4� 10ÿ7� for Fig.

6(b). The regression lines were indistinguishable whether calculated

from assays containing TNF alone (w) or TNF with 1,25(OH)2D3

(.). The linear regression equations were: for Fig. 6(a), cultures con-

taining TNF alone, y � ÿ1:25�20:4�x� 77�229�; cultures contain-

ing TNF and 1,25(OH)2D3, y � ÿ1:25�20:3�x� 77�220�: For Fig.

6(b), cultures containing TNF alone, y � ÿ2:0�20:5�x� 112�220�;
cultures containing TNF and 1,25(OH)2D3,

y � ÿ1:9�20:6�x� 103�221�:
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and IL-6, was inferred from the protective action of
thiol antioxidants. The data in Table 1 provide direct
evidence to support this notion. The major low mol-
ecular weight thiol compound in mammalian cells is
the tripeptide glutathione [45]. This holds true also in
MCF-7 cells, as found in preliminary experiments in
which the glutathione synthesis inhibitor buthionine
sulfoximine reduced the low molecular weight thiol
pool by 90% (data not shown). It has been reported
earlier that TNFa caused a decrease in the cellular
content of acid soluble thiols in various experimental
systems [28,46,47]. This decrease is considered a mar-
ker of oxidative stress [48].

We exposed MCF-7 cells to TNFa at a subtoxic
concentration (0.5 ng/ml) for 48 h, both in the pre-
sence and in the absence of 1,25(OH)2D3 (100 nM),
and determined their acid soluble thiol content.
Results obtained from three independent experiments
(Table 1) can be summarized as follows: 1,25(OH)2D3

by itself did not cause any signi®cant change in the
basal cellular level of low molecular weight, reduced
thiols. (The inter-experimental variation in the size of
the basal reduced thiol pool probably re¯ects the
di�erences in culture cell density, since we have found
a signi®cant inverse correlation between these two par-
ameters (data not shown)). Treatment with TNFa
alone decreased the level of acid soluble thiols by
27:723:1% (mean2 SEM, p � 1:6� 10ÿ4, ANOVA).
Reduction in thiol levels by 46:425:5% (mean2SEM)
was obtained after combined treatment with TNFa
and 1,25(OH)2D3 (100 nM) �p � 4:3� 10ÿ6, ANOVA,
compared with TNFa alone). In parallel cultures, no
reduction in cell number or viability (as judged by

uptake of the vital dye neutral red) was observed. In
summary, reduction in the cellular content of reduced
glutathione is a direct evidence that treatment with
1,25(OH)2D3 increased the oxidative stress induced by
TNFa in MCF-7 cells.

4. Discussion

The evidence presented above lends credence to the
notion that the hormonal form of vitamin D,
1,25(OH)2D3, may take part in the action of immune
host defense mechanisms that limit tumor growth.
1,25(OH)2D3 may be produced in the vicinity of tumor
cells by tumor-associated macrophages that, together
with other tumor in®ltrating leukocytes, secrete cyto-
kines with anticancer potential. The results of this
study, combined with previous ®ndings [14,15], indi-
cate that the anticancer potential of the hormone and
such cytokines, acting in concert, is considerably
greater than that predicted assuming independent and
additive actions. In addition, the ED50 for
1,25(OH)2D3 in its synergistic interaction with the
cytokines is one or more orders of magnitude smaller
than that for its antiproliferative e�ect on its own
(Fig. 2). Stated di�erently, hormone concentrations
that do not on their own a�ect cell number or viabi-
lity, can markedly enhance the cytotoxic/static e�ect of
the immune cytokines. It is possible that these two
di�erent actions of 1,25(OH)2D3 involve di�erent
VDR target genes. It is also noteworthy, that due to
local production of 1,25(OH)2D3 that may take place
within the tumor milieu, the concentrations of the hor-
mone in the vicinity of cancer cells may signi®cantly
exceed the circulating levels. This may be particularly
true in cases, such as breast carcinoma, where in®ltrat-
ing-activated macrophages comprise a substantial com-
ponent of the tumor cell mass [49,50].

It is noteworthy that pretreatment of cancer cells
with 1,25(OH)2D3 selectively increased their suscepti-
bility to some anticancer agents. Whereas 1,25(OH)2D3

enhanced the activity of TNFa, IL-1b and IL-6, the
anticancer drug doxorubicin and another cytotoxic
quinone, menadione [25], it did not a�ect the sensi-
tivity of cancer cells to the killing activity of lympho-
kine-activated killer cells, to the antiprolifeative
activity of interferon a [15] or to the cytotoxic activity
of topoisomerase inhibitor etoposide [25]. A distinctive
feature shared by doxorubicin and menadione is the
involvement of ROS in their cytotoxic mode of action
[31,32]. Moreover, exposure to antioxidant practically
abolished the synergism between 1,25(OH)2D3 and
doxorubicin [25]. The ®ndings of this work are consist-
ent with the notion that ROS have a mediatory role
also in the interplay between 1,25(OH)2D3 and the
immune cytokines. One line of evidence leading to this

Table 1

The e�ect of TNFa and 1,25(OH)2D3 on the intracellular level of

low molecular weight thiolsa

Experiment Treatment Glutathione equivalents (nmol/mg protein)

None 1,25(OH)2D3

1 None 71.827.6 81.929.1

TNFa 52.622.5 (26.7%)b 34.826.9 (57.5%)

2 None 53.927.3 46.626.5

TNFa 35.825.4 (33.6%) 26.922.1 (42.3%)

3 None 39.225.4 33.425.0

TNFa 30.220.4 (22.9%) 20.221.9 (39.5%)

a MCF-7 cells were incubated with TNF (0.5 ng/ml) in the pre-

sence or absence of 1,25(OH)2D3 (100 nM) for 48 h. Data are

expressed as the mean2STD of triplicate (experiment 1 and 2) or

®ve replicate (experiment 3) cultures. The e�ect of 1,25(OH)2D3

alone on the reduced thiol levels was not signi®cant. The e�ect of

TNF was signi®cant �p � 1:6� 10ÿ4, two way ANOVA) and the

di�erence between cultures co-treated with TNF and 1,25(OH)2D3 as

compared with cultures treated with TNF alone was also signi®cant

�p � 4:3� 10ÿ6, two way ANOVA).
b Reduction in thiol content is presented as percent of thiol content

in the respective control cultures not treated with TNF.
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conclusion is the ability of thiol antioxidants to inhibit
cytotoxicity that is induced by the combination of
1,25(OH)2D3 and the immune cytokines. In the case of
IL-1b and IL-6, the e�ect of NAC on the action of the
cytokines on their own is small, but the synergistic in-
teraction with 1,25(OH)2D3 is abrogated by the ad-
dition of the antioxidant. A plausible interpretation of
these data is that a ROS dependent mechanism plays
only a minor role in the cytostatic/toxic activity of IL-
1b and IL-6 on their own, but this mechanism is selec-
tively enhanced by 1,25(OH)2D3. Whereas there are
some reports demonstrating increased superoxide pro-
duction in cells exposed to IL-1 [33,34], the evidence
for IL-6 is much less conclusive [35,36]. In the case of
TNFa we found that antioxidants a�ected the action
of TNFa alone and its enhancement following treat-
ment with 1,25(OH)2D3 to a similar extent. Taking
into account also the previous information that the
major pathway leading to TNF-induced apoptosis in
MCF-7 cells is ROS-dependent [44], we infer that the
e�ciency of this pathway is enhanced by 1,25(OH)2D3.
Direct evidence for the involvement of ROS in the in-
teraction between 1,25(OH)2D3 and TNFa is the
increased oxidative stress experienced by cells exposed
to TNFa in the presence of 1,25(OH)2D3. This
increased oxidative stress was manifested by reduction
of GSH content.

The ROS-dependent interaction between
1,25(OH)2D3 and the immune cytokines could be due
to two di�erent mechanisms: (1) a hormone-dependent
increase in intracellular ROS formation that in turn
mediates the action of the cytokine; (2) a hormone
dependent increase in the toxicity of ROS produced in-
tracellularly, possibly due to reduced e�ectiveness of
cellular defense or repair mechanisms. Recently
obtained evidence supports the second alternative,
however, without excluding the ®rst one. We found
that treatment of MCF-7 cells with 1,25(OH)2D3

reduced the expression of Cu/Zn superoxide dismutase
[25], one of the major enzymes responsible for cellular
defense against ROS. Lower levels of this enzyme
result in impaired ability of cancer cells to cope with
superoxides. In conclusion, this study sheds new light
on the role that endogenous-active vitamin D metab-
olites may play in the host defense mechanism against
tumors. Additionally, this work provides a theoretical
basis for applications of vitamin D derivatives in can-
cer therapy, both as sole agents or combined with
immunotherapy, radiotherapy and ROS dependent
chemotherapy.
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