CMLS, Cell. Mol. Life Sci. 59 (2002) 20042012
1420-682X/02/112004-09
© Birkhauser Verlag, Basel, 2002

Research Article

ICM LS cellular and Molecular Life Sciences

Cyclin D3 and p53 mediate sulforaphane-induced cell cycle
delay and apoptosis in non-transformed human T lymphocytes

C. Fimognari?, M. Niisse®, F. Berti?, R. Iori¢, G. Cantelli-Forti® and P. Hrelia®*

@ Department of Pharmacology, University of Bologna, Via Irnerio 48, 40126 Bologna (Italy), Fax +39 051 253705,

e-mail: phrelia@biocfarm.unibo.it

> GSF-Flow Cytometry Group, 85758 Neuherberg (Germany)
¢ Istituto Sperimentale per le Colture Industriali, MiPA, Bologna (Italy)

Received 26 July 2002; received after revision 2 September 2002; accepted 10 September 2002

Abstract. Despite experimental evidence that sulfora-
phane can exert chemopreventive effects, whether these
effects are specific for neoplastic cells is not known. Fol-
lowing our previous demonstration that sulforaphane in-
duces cell cycle arrest and apoptosis in human T lym-
phoblastoid Jurkat leukemia cells and increases p53 and
bax protein expression, we tested sulforaphane on non-
transformed phytohemagglutinin-stimulated human lym-
phocytes. Here, we demonstrate that sulforaphane arrested

cell cycle progression in G, phase, through a decrease in
the protein expression of cyclin D3. Moreover, sul-
foraphane induced apoptosis (and also necrosis), mediated
by an increase in the expression of p53. These findings
suggest that sulforaphane is a growth modulator for T
cells. Our in vitro evidence that sulforaphane is active and
even cytotoxic in normal as well as transformed lympho-
cytes raises important questions regarding its suitability
for cancer chemoprevention.
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Glucosinolates are naturally occurring thioglucosides pre-
sent in cruciferous vegetables, broccoli, cabbage, cauli-
flower, turnip, radish, and watercress [1]. The enzyme my-
rosinase (thioglucoside glucohydrolase, EC 3.2.3.1) —
activated in damaged plant tissue and also present in the
microflora of the human digestive tract [2] — converts
these glucosinolates to a number of compounds including
isothiocyanates, thiocyanates, nitriles, and epithio-
cyanoalkanes, depending on the substrate structure and
the reaction conditions [3]. Most attention has focused on
the cancer-preventive potential of isothiocyanates.

Isothiocyanates perturb several steps in the carcinogenic
process. They block DNA damage by both inhibition of
carcinogen activation through inhibition of phase 1 en-
zymes (mainly cytochrome P450) and detoxification of
reactive carcinogens through induction of phase 2 en-
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zymes (e.g., glutathione S-transferase) [4]. Moreover,
isothiocyanates exert a pronounced antiproliferative effect
on human leukemia cells in vitro [5].

One of the most commonly studied isothiocyanates is sul-
foraphane. Sulforaphane elicits high levels of mammalian
phase 2 enzymes by antioxidant response element-medi-
ated transcriptional activation [6, 7]. Moreover, in a rat
model, sulforaphane reduced the incidence of breast can-
cer, and also delayed the appearance and reduced the size
of the tumors [7]. It exerts cytostatic and cytotoxic effects
on human colon cancer cells in vitro [8]. Moreover, it in-
hibits cell growth by cell cycle arrest and removes pre-
malignant and malignant cells through activation of apop-
tosis in human colon and prostate cancer cells [9, 10].
We previously demonstrated that sulforaphane induces
cell cycle arrest and apoptosis in human T leukemia cells
and increases p53 and bax, but not bcl-2, protein ex-
pression [11]. However, whether the effects of sul-
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foraphane are specific for neoplastic cells has yet to be
established. In the present work, we therefore tested the
effects of sulforaphane on cell cycle progression and
apoptosis on phytohemagglutinin (PHA)-stimulated, non-
transformed T lymphocytes. We also assessed the molec-
ular mechanisms involved in the apoptotic response and
cell cycle delay by sulforaphane.

Materials and methods

Production of sulforaphane

To mimic dietary contact with sulforaphane following
consumption of brassicas, sulforaphane was generated in
situ by myrosinase-catalyzed hydrolysis of glucoraphanin.
In our experimental cell culture conditions (pH 7.4,
37°C), sulforaphane is the only enzymatic breakdown
product. Since the formation of sulforaphane was quanti-
tative, as confirmed by GC-MS techniques [12], we refer
to sulforaphane in the text. Glucoraphanin was obtained
by a recently developed procedure [13] whereby a quan-
titative yield is produced starting from glucoerucin. Glu-
coerucin was isolated with a high purity grade from the
ripe seeds of rocket (Eruca sativa Miller), according to a
well-defined protocol [14]. The transformation of glu-
coerucin into glucoraphanin is based on the oxidation re-
action of sulfides into their corresponding sulfoxides. The
semi-synthetic glucoraphanin produced was purified ac-
cording to the method reported by Visentin et al. [14]. Pu-
rity was assessed by HPLC analysis of the desulfo-deriv-
ative according to the ISO 9167-1 method [15]. The
myrosinase used in the present study was isolated from
ripe seeds of white mustard (Sinapis alba L.), as reported
by Pessina et al. [16]. The myrosinase stock solution had
a specific activity of circa 60 units/mg of soluble protein.
One myrosinase unit was defined as the amount of en-
zyme able to hydrolyze 1 pmol of sinigrin/min at pH 6.5
and 37 °C. The myrosinase solution was stored at 4 °C in
sterile distilled water until use.

Cell culture

Human peripheral blood (20 ml) was obtained from nor-
mal healthy volunteers of AVIS (Italian Association of
Voluntary Blood Donors); donors provide written, in-
formed consent for study use of samples at the time of do-
nation. Human mononuclear cells were isolated by density
gradient centrifugation using Ficoll-Hypaque (Pharmacia
Biotech, Uppsala, Sweden). After depletion of adherent
cells on plastic dishes, T lymphocytes were isolated by
erythrocyte rosetting. The erythrocyte rosette positive
fraction contained <5% monocytes or B lymphocytes, as
assessed by flow cytometric analysis [17]. T cells were
cultured in RPMI 1640 medium (Sigma, St. Louis, MO),
containing 10% (v/v) heat-inactivated fetal bovine serum
(Sigma) and 30 pM bromodeoxyuridine (Sigma), and
incubated at 37 °C.

Research Article 2005

Cell treatment

A 4 mM stock solution of glucoraphanin was prepared in
0.9% NacCl and stored at 4 °C. 0.23 units of myrosinase
were directly added to 5 ml of the complete cell culture
medium containing increasing concentrations of gluco-
raphanin (3, 10 and 30 pM), prepared by diluting the stock
solution with 0.9% NaCl. The activity of native gluco-
raphanin or myrosinase was tested by treating the cell cul-
tures with 30 pM glucoraphanin in the absence of the en-
zyme or with myrosinase in the absence of glucoraphanin,
respectively. 0.9% NaCl was used as control. Lympho-
cytes at a concentration of 3 X103 cells/ml were added
with 5 pg/ml PHA (Sigma). For each experiment, treat-
ments were done in duplicate and separate cultures were
set up for each treatment.

Cell viability

Cell viability was assayed by trypan blue exclusion, which
distinguished viable and non-viable cells. Cells were
diluted with an equal volume of 0.5% (w/v) trypan blue
in phosphate-buffered saline (PBS: NaCl 145 mM in
phosphate buffer 150 mM) and counted. To separate
clumps of adherent cells adequately, EDTA was added to
a final concentration of 0.2 mg/ml, 20 min prior to count-
ing test samples, without loss of viability. Cell viability
was expressed as a percentage calculated as follows:
(number of live cells/total number of live and dead
cells) x 100. This percentage was then normalized to the
percent viability of the control cells that were given a
value of 100%. The control cells were the lymphocytes
stimulated with mitogen alone. IDj,, the drug concentra-
tion causing 50% cell toxicity following a 48-h exposure,
was calculated by interpolation from dose-response
curves.

Flow cytometry

Flow cytometry was performed using a FACStar* flow cy-
tometer (Becton Dickinson, Sunnyvale, Calif.) equipped
with an argon laser (Innova 90; Coherent Radiation,
Palo Alto, Calif.) operating at 488 nm (500 mW) for
excitation of the ethidium bromide, propidium iodide,
and fluorescein isothiocyanate, and a second argon laser
(Innova 100; Coherent Radiation) adjusted to the UV
multilines (351.1-363.8 nm, 300 mW) for excitation of
Hoechst.

Flow cytometric analysis of the cell cycle

The preparation of lymphocyte samples for measurements
of cell proliferation by the bromodeoxyuridine/Hoechst/
ethidium bromide quenching technique and the cell cycle
distribution of nuclei by DNA content was performed ac-
cording to a two-step method reported elsewhere [18].
Briefly, cultures were treated with glucoraphanin plus my-
rosinase, centrifuged for 5 min at 800 g, resuspended
in 0.5 ml of solution A (100 mM Tris pH 7.4, 154 mM
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CaCl,, 0.5 mM MgCl,, 0.1% Nonidet P40, 0.2% bovine
serum albumin, 1.2 pg/ml Hoechst), and stored for 30 min
at 4°C. After adding 1.5 pg/ml ethidium bromide, flow
cytometric measurements were performed. Pulse height
(trigger) and the areas of ethidium bromide fluorescence
(measured using a combination of KV550 and OG590
longpass filters) and of Hoechst fluorescence [measured
by a 424DF20 bandpass filter (Becton Dickinson)] were
recorded for cell nuclei in list mode. For each sample,
10,000 events were registered. The fluorescence from the
bis-benzimidazole Hoechst bound to bromodeoxyuridine-
substituted DNA is decreased in cells after the first cell
cycle (quenching technique). The extent of Hoechst fluo-
rescence quenching increases with increasing bromod-
eoxyuridine substitution, thus allowing discrimination be-
tween cells in the first and the second cell cycle. The
fraction of cells in the different compartments of the cell
cycle and in the second cell cycle was calculated as de-
scribed by Schreiber et al. [19].

Analysis of cell cycle proteins

Detection by flow cytometry of different proteins involved
in cell cycle regulation and in the apoptotic process offers
rapid and objective quantification of protein levels
[20—23]. Under the same exposure conditions described
above, 1x10° cells were fixed and permeabilized by a
commercially available kit, namely Leucoperm solution A
and B (Serotec, Oxford, UK). They were then incubated
with 20 pl of each antibody, i.e., fluorescein isothio-
cyanate cyclin D2 (1 mg/ml; Serotec), fluorescein isoth-
iocyanate cyclin D3 (BD PharMingen, San Diego, Calif.),
cyclin-dependent kinase (CDK) 4 (BD PharMingen),
CDKG6 (1 mg/ml; Serotec), or isotype-matched negative
control (Serotec). The cells (except those stained with cy-
clin D2 and D3) were washed and incubated with 20 pl of
fluorescein isothiocyanate-labeled secondary antibody
(5 pg/ml; Serotec). Finally, the cells were washed and re-
suspended in 0.2 ml of 1% paraformaldehyde. The cells
were then analyzed to quantitate fluorescein isothio-
cyanate binding by flow cytometry. From each sample,
10,000 cells were analyzed and non-specific binding
was excluded by gating around those cells which were
labeled by the fluorescein isothiocyanate-conjugate iso-
type control.

Measurement of apoptosis

Loss of phospholipid asymmetry of the plasma membrane
is an early event of apoptosis. The annexin V binds to neg-
atively charged phospholipids, such as phosphatidylserine.
During apoptosis, the cells react to annexin V once chro-
matin condenses but before the plasma membrane loses its
ability to exclude propidium iodide. Hence, by staining
cells with a combination of fluoresceinated annexin V and
propidium iodide, non-apoptotic live cells, early apoptotic
cells and late apoptotic or necrotic cells can be detected

Sulforaphane affects normal human T lymphocytes

[24]. Cells from exponentially growing cultures were col-
lected at different times (24, 30, 48, and 72 h). Aliquots of
0.5%x10°¢ cells were centrifuged (100 g) for 5 min and
washed with PBS. The cell pellet was resuspended in
100 pl of labeling solution (ANNEXIN-V-FLUOS; Boeh-
ringer Mannheim, Mannheim, Germany) containing 2 pl
annexin V labeling reagent and 0.1 pg propidium iodide
(Sigma) and incubated for 10—15 min, following the man-
ufacturer’s instructions. Immediately after adding 0.1 ml
of incubation buffer (10 mM HEPES/NaOH, 140 mM
NaCl, 5mM CaCl,), green (annexin V-fluorescein iso-
thiocyanate) and red (propidium iodide uptake) fluores-
cence of individual cells were measured with a FACStar*
flow cytometer (Becton Dickinson), using 488-nm ex-
citation and a 530-nm bandpass filter for fluorescein
isothiocyanate detection and a filter >590 nm for propid-
ium iodide detection. For each sample, 10,000 events were
registered. Electronic compensation was required to
exclude overlapping of the two emission spectra. More-
over, during the cell cycle analysis described above, cells
were considered to be in apoptosis if they exhibited
sub-G, DNA fluorescence and had a forward angle
light scatter the same as or slightly lower than that of
cells in G, [24].

Evaluation of p53, bcl-2, and bax proteins

Under the same exposure conditions described above,
1 x10° cells were fixed and permeabilized with Leuco-
perm solution A and B (Serotec). They were then incu-
bated with 10 pl of each antibody, i.e., fluorescein iso-
thiocyanate p53 (35 pg/ml; Novocastra, Newcastle, UK),
fluorescein isothiocyanate bcl-2 (200 pg/ml; Serotec), and
bax (200 pg/ml; Santa Cruz Biotechnology, Santa Cruz,
Calif.), or isotype-matched negative control (Serotec).
The cells were washed and incubated with 10 pl of
fluorescein isothiocyanate-labeled secondary antibody
(5 pg/ml; Serotec) for the bax-stained cells. Finally,
the cells were washed and resuspended in 0.2 ml of
1% paraformaldehyde. The cells were then analyzed to
quantitate fluorescein isothiocyanate binding by flow
cytometry. From each sample, 10,000 cells were analyzed
and non-specific binding was excluded by gating around
those cells which were labeled by the isotype negative
control antibodies.

Statistical analysis

All data are the mean + SE of at least three experiments.
Fisher’s exact test was adopted for statistical evaluation of
the results. T test was used to analyze protein level mea-
surements. All p values are two-sided. All statistical analy-
ses were performed in GraphPad InStat version 3.00 for
Windows 95, GraphPad Software, San Diego, Calif. If
the standard error bars of the determinations were less
than 10% of the mean value, they were not included in the
figures.
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Figure 1. The effect of sulforaphane on T cell viability (Trypan blue
exclusion) and proliferation (FACStar" flow cytometry). The gluco-
raphanin-myrosinase mixture was added at the concentrations indi-
cated to exponentially growing T cell cultures. Aliquots were re-
moved from drug-treated and untreated control cultures after 48 h.
Data are means + SE (deviation bars, except when smaller than the
symbol size) of three independent experiments.

Results

The effect of sulforaphane on T cell viability

The effects of sulforaphane on cell viability of PHA-stim-
ulated lymphocytes measured at 48 h are shown in fig. 1.
When the harvested cells were counted, the numbers of
treated cells decreased in a dose-dependent manner with
respect to the control. The maximum effect was registered
at a concentration of 30 pM sulforaphane, with a 46 % re-
duction in the number of viable cells with respect to the
control (fig. 1). These changes appeared to be irreversible,
as they persisted when the treated cells were recultured in
sulforaphane-free medium (data not shown). Only a slight
decrease in the number of viable cells in cultures treated
with myrosinase or glucoraphanin 30 pM was observed
(data not shown). The 1D, as measured by the number of
viable cells in cultures after the addition of sulforaphane,
was seen at a concentration of about 33 pM.

Effects of sulforaphane on T cell proliferation

As shown in fig. 1, treatment with PHA for 48 h stimu-
lated cell proliferation, as indicated by the percentage of
cells that entered the second cycle. Sulforaphane signifi-
cantly suppressed the progression of cells into the cell
cycle and in a concentration-dependent manner. At
3.0 pM, sulforaphane suppressed PHA-treated cell pro-
liferation by 4% (p=n.s.), and at 10.0 pM by 24%
(p<0.001 vs controls). At 30.0 pM, cell cycle progression
was completely suppressed and the cells were in the first
cycle. T cell viability decreased after treatment with
30 pM sulforaphane for 48 h, indicating that the inhibitory
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effect of sulforaphane was also related to direct cytoto-
xicity.

Effects of sulforaphane on the PHA-stimulated

T cell cycle

After stimulation with PHA, T cells enter G, phase in
2—4h, S phase after approximately 18—24 h, and reach
the G,/M phase by 36—48 h [25]. At baseline, all cells
were at Gy/G, in both control and treated samples (fig. 2).
Twenty-four hours after sulforaphane treatment, fluores-
cence intensity increased from that of the G/G, phase to
the S phase and G,/M phase.

A DAS V4.37 data analysis system was then used to de-
termine the percentage of T cells in the G/G,, S, and
G,/M phases. At all concentrations, addition of sul-
foraphane caused a dose-related accumulation of cells in
the Gy/G, phase (fig. 2). In particular, after 24 h of treat-
ment at 3 pM, 79% of cells were in the G/G, phase. This
fraction increased to 92% at 10 pM and to 95% at 30 pM.
At 10 and 30 pM, there was also a decrease of cells in S
phase with respect to the control (6% and 3%, respec-
tively vs 30% in the control; p<0.001). Interestingly,
after 48 and 72 h of treatment, only the highest doses of
sulforaphane significantly affected the fraction of cells ei-
ther in the Gy/G, or S phase (fig. 2). For example, after
72 h of treatment at 30 pM, the fraction of cells in the
G,/G, phase increased to 94%, while that in the S phase
decreased to 4%. Remarkably, unlike in Jurkat leukemia
cells [11], the fraction of normal T cells in the G,/M phase
was not affected by sulforaphane at any of the concentra-
tions and time points evaluated.

Expression of cyclin D2, cyclin D3, CDK4, and CDK6
in T cells treated with sulforaphane

Because the cell cycle is controlled by expression and ac-
tivation of several cyclins and CDKs, we asked whether
their expression levels changed after cell exposure to sul-
foraphane. We therefore analyzed the expression of cyclin
D2, cyclin D3, CDK4, and CDK®6, the major D cyclins
and associated kinases in human peripheral blood T lym-
phocytes [26], after T cell activation. The analyses were
performed at the same time points used for the cell cycle
analysis. We found that sulforaphane treatment caused a
marked decrease in cyclin D3 (fig. 3), whereas the ex-
pression of cyclin D2, CDK4, and CDK6 was more mildly
attenuated (data not shown). Expression of cyclin D3 in
non-stimulated cells (0 h) cannot be detected in either un-
treated or sulforaphane-treated cells. Their stimulation by
PHA led to a rapid induction of cyclin D3, whose ex-
pression declined especially on the second day of stimu-
lation. Treatment with sulforaphane greatly decreased
the expression of cyclin D3 at 24, 48, and 72 h. The
maximum effect was registered at 24 h, where the ex-
pression of cyclin D3 was decreased by 60 (890.0 vs
356.0; p<0.001).
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Figure 2. Effects of sulforaphane on T cell cycle with respect to controls. At the indicated time, the distribution of the cells in G,/G,, S,
and G,/M phase was analyzed by FACStar* flow cytometry. Results are expressed as percentages of total cell counts. Data are means £ SE
(deviation bars, except when smaller than the symbol size) of three independent experiments.

Effects of sulforaphane on T cell apoptosis and
necrosis

At 24 h, only a small proportion (about 8%) of both un-
treated and treated T cells displayed features of apoptosis
(i.e., annexin VPt and propidium iodidemeive cells) or
necrosis/degeneration (i.e., annexin VP*i®e and propidium
iodideresitve cells) (fig. 4). At 30 h, only non-significant in-
creases in apoptosis or necrosis were recorded (at all sul-
foraphane concentrations) with respect to controls. At 48
and 72 h, these differences became significant at concen-
trations of 10 pM (for apoptosis) and 30 pM (both apop-
tosis and necrosis). For example, after 72 h of treatment at
30 pM, only 16% of the lymphocytes were viable and the
number of apoptotic and necrotic cells increased to 50%
(p<0.001) and 34% (p<0.001), respectively. Similar ef-
fects were observed from the analysis of cells with de-
creased DNA content (i.e., ‘sub-G,-cells’ with DNA con-
tent distribution values below those of G, cells). For
example, after treatment with 30 pM sulforaphane, the

8 1000 [ control
§ I sulforaphane 30 u M|
g 750
o
=
=
= 5004
§ * *
o0
g 250+ .
=

0

0 24 48 72

Time (hours)
*p<0.01, **p<0.001 with respect to the control

Figure 3. Representative histograms showing cyclin D3 levels
following 0, 24, 48, and 72 h culture in the absence or presence,
respectively, of sulforaphane (30 pM). Each bar represents
means + SE (deviation bars, except when smaller than the symbol
size) of three independent experiments performed by FACStar* flow
cytometry.
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dicated doses. Aliquots were removed from treated and untreated cultures at the various time points, stained with annexin V-fluorescein iso-
thiocyanate and propidium iodide, and analyzed by FACStar* flow cytometry. Each bar represents the means = SE (deviation bars, except

when smaller than the symbol size) of three independent experiments.

fraction of apoptotic cells increased from 5% at 24 h to
15% at 30 h and 28% at 48 h (p<0.05 and p<0.001, re-
spectively).
No effect on apoptotic event induction was detected in cell
cultures treated with glucoraphanin or myrosinase (data
not shown).

Expression of p53, bax, and bcl-2 in sulforaphane-
induced T cell apoptosis

To examine the effect of sulforaphane on levels of p53,
bcl-2, and bax, cells were treated for 72 h with sul-
foraphane at 30 pM. Apoptotic cells were gated, based
on their modified forward and side-angle light scatter
distributions, and p53, bcl-2, and bax proteins were
then quantified. Figure 5 shows histograms of the p53,
bcl-2, and bax protein level following incubation with
and without sulforaphane. Treated cells showed raised
pS3 expression (292.5 vs 151.5 in controls, p<0.001),
which, however, did not reach the seven-fold increase
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Figure 5. Representative histograms showing p53, bcl-2, and bax
protein levels following 72 h culture in the absence or presence of
sulforaphane (30 mM). Each bar represents the means * SE (devia-
tion bars, except when smaller than the symbol size) of three inde-
pendent experiments performed by FACStar" flow cytometry.
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we previously recorded in Jurkat leukemia cells [11].
As in Jurkat cells, bcl-2 levels showed a slight, non-
significant decrease (835.0 vs 761.5 in controls). On
the other hand, bax levels rose only slightly (202.0 vs
196.5, p=n.s.) compared with the highly significant
three fold increase previously found in Jurkat cells.

Discussion

Selective targeting and low toxicity for normal host tissues
are fundamental requisites for proposed chemopreventive
agents such as sulforaphane. A non-selective mech-
anism of action may lead to potentially severe toxicity:
in neoplastic or preneoplastic cells, inhibition of pro-
liferation and induction of apoptosis can be regarded
as a therapeutic function aimed at eliminating damaged
cells, but in normal cells they can be related to DNA dam-
age. We previously reported [11] that sulforaphane,
formed in vivo from the glucosinolate glucoraphanin
(as occurs during mastication of brassica vegetables),
induced growth arrest and apoptosis in T lymphoblastoid
Jurkat leukemia cells in vitro. In the present study, we
investigated whether sulforaphane selectively affects
cancer cells. To do this, we employed the same methods
used in our previous study to analyze the effects of
sulforaphane on normal T cell cultures. Our data show
that sulforaphane is also active, and even cytotoxic,
in normal lymphocytes, raising important questions
regarding its suitability for cancer chemoprevention.

We found that the most marked effect of sulforaphane
is the suppression of PHA-driven proliferation of normal
T cells. In particular, cell cycle analysis revealed that
sulforaphane arrested the PHA-stimulated normal T cells
in the G, phase of the cell cycle. In eukaryotes, passage
through the cell cycle is governed by the function of a
family of protein kinase complexes [27—-30]. Each
complex is composed minimally of a catalytic subunit,
the CDK, and its essential activating partner, the cyclin
[27-30]. Under normal conditions, these complexes
are activated at specific intervals and through a series
ofevents. This results in the progression of cells through
different phases of the cell cycle, thereby ensuring normal
cell growth. Any defect in this machinery alters cell cycle
regulation. Because our study demonstrated that sul-
foraphane treatment of T cells resulted in a G, phase
delay of the cell cycle, we examined the effect of
sulforaphane on cell cycle regulatory molecules
operative in the G, phase of the cell cycle, specifically,
cyclins D2 and D3, and CDK4 and CDK6. Sulforaphane
treatment of the cells resulted in a significant down-
modulation of cyclin D3, whereas the expression of cyclin
D2, CDK4, and CDK6 was more mildly attenuated.
Our data therefore indicate that sulforaphane has specific
mechanisms for inducing cell cycle delay. Cyclins D2
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and D3 are well established as two members of the cyclin
D family that play distinct and non-redundant roles in
regulating the proliferation of normal lymphocytes. After
recruitment of normal quiescent T lymphocytes to the
cell cycle, the gene for cyclin D2 is activated several
hours earlier than that for cyclin D3. This differential
regulation suggested that ‘G, cyclins’ may actually par-
ticipate in more than one checkpoint in G,, perhaps
an early checkpoint near G,/G, (cyclin D2), and a later
event near the advancement from G, into the S phase
(cyclin D3) [31].

The weak effect of sulforaphane on the expression of
CDK4 and CDKG6 is not surprising, in the light of our re-
sults indicating a delay of cell cycle progression. Down-
modulation of CDK4 and CDK6 has been demonstrated
to be involved in blocking, rather than delaying, the G1
phase [31].

Cell viability experiments revealed significantly in-
creased levels of cell death in T cell cultures after 72 h of
treatment with sulforaphane. In particular, we detected a
progressive dose-related increase in the fraction of apop-
totic cells. Interestingly, we also found that a prolonged
exposure (72h) to the highest dose of sulforaphane
(30 pM) increased the incidence of necrotic cells. This
suggests that sulforaphane exerts toxic effects on normal
human T cells after prolonged exposure to relatively high
concentrations.

To help elucidate the molecular mechanism involved in
these events, as in our previous study on Jurkat cells, we
analyzed p53, bcl-2, and bax protein expression levels. In-
teractions between p353, bax, bcl-2 and their associated
proteins are thought to form one pathway to apoptosis
[32]. Moreover, bcl-2 expression, which is high in mature
peripheral cells in the spleen, lymph nodes, and blood [33]
and remains unchanged upon activation [34], is important
in the maintenance of a mature population [35]. We found
that sulforaphane significantly increased p53 protein lev-
els, whereas it exerted little effect on bcl-2 and bax levels.
These observations suggest that induction of p53 expres-
sion might be an important step during sulforaphane-in-
duced apoptosis.

It is interesting to compare these findings with the data
from our previous parallel study (using identical methods)
obtained on Jurkat cells [11]. Sulforaphane affected pro-
liferation, cell cycle progression, and apoptosis in both the
neoplastic and normal in vitro settings, but to different ex-
tents. For example, the dose required to reach IDs, in nor-
mal T cells was about double that recorded for Jurkat cells
(33 vs 15 pM), indicating that sulforaphane is probably
less cytotoxic in normal lymphocytes. Another important
difference regards the phase in which the cell cycle block
occurred. In Jurkat cells, we observed a complete de-
rangement of cell cycle progression with a marked in-
crease in the percentage of cells in the G,/M cell cycle
phase. By contrast, the normal lymphocytes employed in
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the present study showed a block in the G, phase of the
cell cycle, while the fraction of cells in the G,/M phase
remained substantially unchanged. Finally, the fraction of
apoptosis induced in Jurkat cells (a seven-fold increase
with respect to controls) was more than three times greater
than that recorded in normal lymphocytes (two-fold with
respect to controls).

The differences between normal and transformed T cells
could be imputable to a different uptake of isothio-
cyanates, occurring mainly in the form of glutathione-
conjugated dithiocarbamates, with glutathione S-trans-
ferases catalyzing the conjugation reaction. The uptake
of isothiocyanates is related to intracellular glutathione
levels [36], which are known to be rather similar in nor-
mal human lymphocytes and Jurkat cells (29.7 and
33.2 nmol/mg whole cell lysate, respectively) [37]. The
differences in the activity of sulforaphane in normal
cells are therefore too large to depend on minor differ-
ences in intracellular uptake.

Our gene expression data suggest that the block of cell
proliferation and the induction of apoptosis could be p53
dependent in both normal T lymphocytes and Jurkat cells.
However, sulforaphane could also target other important
molecular events, at least partially explaining its differ-
ential effects in normal and transformed lymphocytes.
One possibility involves Fas expression. Sen et al. [38] re-
ported that whereas normal human peripheral blood lym-
phocytes are only 35% positive for the Fas receptor, Jurkat
cells are 100% positive and express a ten-fold greater den-
sity of Fas receptors. We are currently investigating the
role of Fas expression in sulforaphane activity on normal
and transformed cells.

In conclusion, the results of the present study indicate that
sulforaphane may be a growth modulator for normal T
cells. Although in vitro studies do not necessarily predict
in vivo outcomes, our findings indicate that sulforaphane
is active not only in transformed lymphocytes but also in
their normal counterpart. However, some questions may
be raised about the concentrations and the exposure times
used in in vitro experiments, which may not be represen-
tative of an in vivo situation. Ye et al. [39] reported that the
cumulative 8-h urinary excretion of dithiocarbamates in
humans who received 200 pmol of broccoli sprout iso-
thiocyanates averaged 58.3 + 2.8 % of the dose. However,
if sulforaphane is to be applied in clinical settings as a
suitable cancer chemopreventive agent, the compound
should be administered in such a way as to maintain a
steady state of drug in the body. With regard to the doses,
quantities of isothiocyanates up to 100 mg daily and even
greater quantities of their glucosinolate precursors are
widely consumed by humans [40]; 100 mg of isothiocy-
anates may contain 77.2% sulforaphane [39], correspond-
ing to 435 pmol of isothiocyanates, comparable to the
doses used in this study. Thus, any chemopreventive use
of sulforaphane would have to be very carefully examined,
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because dietary supplementation with single, putative an-
ticarcinogenic compounds is not warranted without ex-
tensive investigation of their possible harmful effects.
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