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Modulation of cytokine production by plant sterols in
stimulated human Jurkat T cells

S. Aisling Aherne and Nora M. O’Brien

Department of Food and Nutritional Sciences, University College Cork, Cork, Republic of Ireland

The plant sterols campesterol, B-sitosterol and B-sitostanol were investigated for potential immuno-
modulatory effects in Jurkat T cells. Treatments involved supplementing cells with or without conca-
navalin A (ConA) or phorbol-12-myristate-13-acetate plus ionomycin (PMA+IoM) in the presence or
absence of increasing concentrations (10—100 uM) of each plant sterol for 24 h. None of the plant
sterols significantly affected mitogen-stimulated IL-4, IL-10 or IFN-y production. However, campes-
terol, B-sitosterol and [-sitostanol significantly suppressed mitogen-induced IL-2 production in a
dose-dependent manner. Both bisindolylmaleimide-I (BIM-I), a specific protein kinase C (PKC)
inhibitor, and the immunosuppressant drug known as Tacrolimus (FK506), an IL-2 inhibitor, pre-
vented mitogen-stimulated IL-2 production in Jurkat cells. Treatment with PMA-+IoM alone signifi-
cantly increased PKC activity and the presence of BIM-I prevented PKC activation by PMA-+IoM.
Following 24 h treatments, the plant sterols did not affect PMA-+IoM-enhanced PKC activity, cellular
calcium content or calcineurin activity. Intracellular cyclic 3’,5-adenosine monophosphate (cAMP)
levels were significantly reduced by PMA-+IoM. The presence of FK506 prevented a PMA-+IoM-
induced reduction of intracellular cAMP. Likewise the plant sterols behaved in a similar manner as
FK506. Our findings suggest that the suppression of IL-2 by the plant sterols was not mediated via
PKC inhibition and that their effects occurred possibly via cAMP modulation and/or a calcium/calci-
neurin-independent pathway.
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1 Introduction

Plant sterols are specific phytochemicals that resemble cho-
lesterol in structure and are found in all plants and in prod-
ucts containing plant-based raw materials [1, 2]. In the
human diet, the three most common plant sterols are
[B-sitosterol, campesterol and stigmasterol [3—5] whereas
the two most common saturated plant sterols (plant stanols)
are B-sitostanol and campestanol. Rich natural food sources
include nuts, seeds and legumes [6, 7] and to a lesser extent
fruits, cereals and cereal products [7]. Plant sterols have
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been repeatedly investigated for their cholesterol-lowering
effects and their anticancer properties however only limited
research has been carried out on other potential bioactive
properties such as immune modulation.

The few studies that exist in the literature suggest that
plant sterols exhibit immunomodulatory properties both in
vitro and in vivo [8, 9]. The reporting of dietary plant sterols
as immunomodulatory compounds started from the initial
observations that a plant sterol/sterolin mixture enhanced
the cellular responsiveness of T lymphocytes [2, 10]. Since
then, Bouic and coworkers have investigated the use of this
plant sterol/sterolin mixture on the management of pulmo-
nary tuberculosis in patients [11], the inhibition of immune
stress in marathon runners [12] and the management of
HIV-infected patients [13].

Cytokines are not only participants in inflammation,
immunity and the host response to infectious agents but are
also involved in the regulation of many biological systems,
including the immune system [14]. They are low-molecu-
lar-mass glycoproteins produced by immune cells and
many other cell types in response to various activation stim-

WWILEY
www.mnf-journal.com



Mol. Nutr. Food Res. 2008, 52, 664 —673

uli [15, 16]. Jurkat cells have long served as a human T cell
model for different immunological studies and the use of
mitogens such as concanavalin A (ConA) and phorbol-12-
myristate-13-acetate plus ionomycin (PMA-+IoM) have
been employed to induce cytokine production in this cell
model [17-22]. PMA+IoM has been reported to activate
IL-2 gene expression by a mechanism different from that of
ConA [23]. ConA works via the T-cell receptor (TCR)—
CD3 complex resulting in subsequent (indirect) activation
of both calcineurin and protein kinase C (PKC) in Jurkat
cells [21]. In contrast, PMA+IoM act synergistically to
induce IL-2 production [24]. PMA is an agonist that mimics
diacylglycerol (DAG) and thus can activate T cells directly
via the PKC pathway [21, 25]. IoM is a calcium ionophore
which can activate calcineurin directly [21, 23-25].

To date, there is no information in the literature regarding
the effects of individual plant sterols on cytokine produc-
tion in human Jurkat T cells. Therefore, in this study we
investigated if the plant sterols campesterol, B-sitosterol or
[-sitostanol, at concentrations of 10, 50 and 100 uM could
affect cytokine production in stimulated Jurkat T cells. We
also analysed the effects of two inhibitors, namely bisindo-
lylmaleimide-I (BIM-I) and the immunosuppressant drug
known as Tacrolimus (FK506). BIM-I is a potent and selec-
tive inhibitor of PKC which, in turn, prevents IL-2 produc-
tion in T cells [26]. The immunosuppressant drug FK506
directly inhibits calcineurin activity thus preventing both T-
cell signal transduction and IL-2 transcription [27, 28]. To
elucidate our findings we determined cellular calcium con-
tent, calcineurin activity, cyclic 3’,5-adenosine monophos-
phate (cAMP) levels and PKC activity.

2 Materials and methods

2.1 Materials

All chemicals and cell culture reagents including B-sitos-
terol (=97% purity), B-sitostanol (=95% purity), PMA,
IoM and ConA were purchased from Sigma Chemical
(Dublin, Ireland) unless otherwise stated. Campesterol
(70% purity) was purchased from Steraloids (London, UK).
Bisindolylmaleimide I (also known as GF 109203X) was
purchased from Calbiochem (Merck Chemicals, Notting-
ham, UK). Foetal bovine serum was purchased from Invi-
trogen (Paisley, Scotland).

2.2 Cell culture

Human Jurkat E6.1 T cells were purchased from the Euro-
pean Collection of Animal Cell Cultures (Salisbury, UK).
Cells were cultured in an atmosphere of COy/air (5:95 v/v)
at 37°C and were maintained in the absence of antibiotics.
Jurkat cells were grown in RPMI-1640 medium supple-
mented with 10% v/v foetal bovine serum (FBS). Accord-
ing to the literature and/or supplier's instructions, the plant
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sterols and FK506 were dissolved in EtOH. PMA, IoM and
BIM-I were dissolved in DMSO whereas ConA was dis-
solved in PBS. Control cultures were exposed to the equiva-
lent concentration of carrier (DMSO 0.5%, PBS 0.5% and/
or EtOH 0.1%) and were found not to significantly differ
from cells grown in media with or without other appropriate
carriers. Consequently, control data presented throughout
this paper will refer to carrier control cultures, unless stated
otherwise. Each experiment was repeated four times and
the number of replicates for each condition was 3—4 in
every experiment.

2.3 Evaluation of cell viability and growth

Jurkat cells (2 x 10°/mL; 4 x 10%well) were seeded in 96-
well plates with PMA+IoM (10 ng/mL PMA plus 350 ng/
mL IoM) or ConA (25 ug/mL) in the presence or absence
of campesterol, B-sitosterol or B-sitostanol (10—100 pM)
for 24 h. Cell viability and growth were assessed using the
MTT assay (Cell Proliferation Kit I MTT, Roche Diagnos-
tics, West Sussex, UK). The MTT assay is designed and
repeatedly used for the quantification of cell viability and
proliferation. This assay is based on the cleavage of the yel-
low tetrazolium salt MTT to purple formazan crystals by
metabolically active cells. The formazan crystals formed
are solubilised and the resulting coloured solution is quanti-
fied using a microplate reader at an absorbance of 550 nm
with a reference wavelength of 690 nm. Cell viability was
expressed as a percentage of carrier control cultures. Cell
proliferation was expressed as MTT-reduction index, i.e.
the amount of dye produced is proportional to the number
of metabolically active cells present.

2.4 Determination of cytokine production

Initially, a time- and concentration-profile on the cytokine
response of human Jurkat T cells to ConA and PMA+IoM
were determined over a 72 h time period (data not shown).
From the data obtained, one dose of each treatment was
selected for subsequent assays.

Jurkat cells (2 x 103/mL) were seeded in 96-well plates in
the presence or absence of PMA+IoM (10 ng/mL PMA
plus 350 ng/mL IoM) or ConA (25 pg/mL) and treated with
or without campesterol, B-sitosterol and f-sitostanol (10—
100 uM) for 24 h. The release of the cytokines IL-2, IL-4,
IL-10 and IFN-y was determined by ELISA kits from eBio-
science (Insight Biotechnology, Wembley, UK). The eBio-
science Human Th1/Th2 ELISA Ready-SET-Go kit con-
tains four pairs of antibodies that can be used to discrimi-
nate Th1/Th2 subsets based on their expression of IFN-y,
IL-2, IL-4 and IL-10. Absorbance was read at 450 nm with
a reference wavelength of 570 nm. Jurkat cells (2 x 10/
mL) were seeded in 96-well plates in the presence or
absence of PMA+IoM (10 ng/mL PMA plus 350 ng/mL
IoM) or ConA (25 ug/mL) and treated with or without
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FK506 or BIM-I (0.1-10 uM) for 24 h. IL-2 production
was determined by ELISA (as stated previously). The con-
centration range selected for the inhibitors (0.1-10 uM)
was based on doses that have been reported in the literature
[21,29-32].

2.5 Measurements of cellular calcium content and
calcineurin activity

Jurkat cells (2 x 10°/mL) were seeded into 6-well plates in
the presence or absence of PMA+IoM (10 ng/mL PMA
plus 350 ng/mL IoM) with or without 10—100 M campes-
terol, B-sitosterol, B-sitostanol or 1 uM FK506 for 24 h.
Calcium content was determined by the Quantichrom Cal-
cium Assay kit (BioAssay Systems, Cambridge, UK). A
phenolsulphonephthalein dye in the kit forms a very stable
blue coloured complex specifically with free calcium. The
intensity of the colour measured at 612 nm is directly pro-
portional to the calcium concentration in the sample. Cal-
cium content is expressed relative to the protein content, as
determined by the bicinchoninic acid (BCA) method [33].
Calcineurin activity was determined by a cellular calci-
neurin activity kit (Calbiochem, Merck Biosciences, Not-
tingham, UK) which is a complete colourimetric assay kit
for measuring cellular calcineurin activity and involves the
use of RII phosphopeptide, the most well-known substrate
for calcineurin.

2.6 Assessment of PKC activity

Jurkat cells (2 x 10>/mL) were seeded in 6-well plates in the
presence or absence of PMA+IoM (10 ng/mL PMA plus
350 ng/mL IoM) with or without 10—100 uM campesterol,
[-sitosterol, B-sitostanol or 1 uM BIM-I for 24 h. PKC
activity was determined by an ELISA kit (Stressgen, Cam-
bridge Bioscience, Cambridge, UK) which is based on a
solid phase ELISA that uses a specific synthetic peptide as
a substrate for PKC and a polyclonal antibody that recog-
nises the phosphorylated form of the substrate. The assay is
developed with TMB and a colour develops in proportion to
PKC phosphotransferase activity. Colour intensity is meas-
ured at 450 nm. PKC activity is expressed relative to the
protein content, as determined by the BCA method [33].

2.7 Measurement of intracellular cAMP levels

Jurkat cells (2 x 10%/mL) were seeded in 6-well plates in the
presence or absence of PMA+IoM (10 ng/mL PMA plus
350 ng/mL IoM) with or without 10—100 uM campesterol,
[-sitosterol, B-sitostanol, or 1 uM BIM-I, or 1 uM FK506
for 24 h. The levels of intracellular cAMP were determined
by a BioVision cAMP Direct Immunoassay kit (Cambridge
Bioscience) which provides a direct competitive immuno-
assay for sensitive and quantitative determination of cAMP
levels in biological samples. The kit provides a new acetyla-
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tion procedure that significantly improves the detection sig-
nal. The intensity of absorbance at 450 nm is inversely pro-
portional to the concentration of cAMP.

2.8 Statistical analysis

Results are presented as the mean and SEM. Data were ana-
lysed, where appropriate, by one-way analysis of variance
(ANOVA) followed by the Dunnett's test (Prism 4, Graph-
Pad, CA, USA). The level of statistical significance is taken
as p < 0.05 unless stated otherwise.

3 Results

3.1 Cell viability and growth

Jurkat cells were treated with PMA+IoM (10 ng/mL PMA
plus 350 ng/mL IoM) or ConA (25 pg/mL) and incubated
with increasing concentrations of campesterol, B-sitosterol
or -sitostanol (10—100 uM) for 24 h. The plant sterols had
no significant effect on the viability of mitogen-treated
Jurkat cells (data not shown). Supplementation with cam-
pesterol, B-sitosterol or B-sitostanol (10—100 uM) signifi-
cantly reduced cell growth compared with control cultures
(p<0.01; Table 1).

3.2 Cytokine production

3.2.1 IL-4,IL-10 and IFN-y

Treatment of Jurkat cells with the plant sterols alone (10—
100 pM) had no effect on IL-4, IL-10 or IFN-vy release (data
not shown). At all concentrations tested, campesterol,

Table 1. Growth of Jurkat cells following supplementation with
plant sterols?

Cell growth (MTT-reduction index)®

ConA PMA+loM
Campesterol 10 uM 0.246 = 0.059*  0.290=0.018*
Campesterol 50 uM 0.269 + 0.050* 0.272 + 0.018*
Campesterol 100 uM  0.253 = 0.060* 0.250 + 0.022*
B-Sitosterol 10 uM 0.263 + 0.058*  0.297 = 0.027*
B-Sitosterol 50 uM 0.214 = 0.060*  0.234 = 0.021*
B-Sitosterol 100 uM 0.206 + 0.056*  0.212+0.018*
B-Sitostanol 10 uM 0.223 + 0.047* 0.283 + 0.024*
B-Sitostanol 50 uM 0.222 + 0.054*  0.273=0.018*
-Sitostanol 100 uM 0.229 + 0.053* 0.257 + 0.018*

a) Jurkat cells (2 x 105/mL) were supplemented with ConA
(25 pg/mL) or PMA (10 ng/mL) plus loM (350 ng/mL) in the
presence or absence of campesterol, B-sitosterol or -
sitostanol (10—100 uM) for 24 h.

b) Cell proliferation was assessed using the MTT assay. Data
are mean and standard error for four independent experi-
ments.

* p < 0.01 from control values (0.423—-0.490): one-way
ANOVA followed by Dunnett's test.
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Table 2. Effects of plant sterols on cytokine release from ConA-treated Jurkat cells®

Cytokine® (% ConA treated cells)

IL-4 IL-10 IFN-y

ConA 100.0 £ 7.19 100.0 + 10.3% 100.0 = 11.19
ConA + campesterol 10 uM 98.7+2.3 100.0+2.5 98.6 + 8.5
ConA + campesterol 50 uM 1129+ 1541 93.5+4.3 83.5:7.8
ConA + campesterol 100 uM 100.9+11.2 96.9+4.7 86.7+7.7
ConA + B-sitosterol 10 uM 70.0 +19.1 107.1+6.0 103.2+9.7
ConA + B-sitosterol 50 M 79.7 £+ 19.5 90.9+4.5 87.3:6.6
ConA + B-sitosterol 100 uM 82.8+13.8 101.6+6.9 91.2+8.2
ConA + B-sitostanol 10 uM 94.3+22.9 92.3+3.9 90.0+7.7
ConA + B-sitostanol 50 pM 81.6+17.0 97.0+7.7 84174
ConA + B-sitostanol 100 uM 118.6 +17.7 102.9+7.2 942+7.3
SA? NS9 NS NS

a) Jurkat cells (2 x 10%mL) were supplemented with ConA (25 pg/mL) in the absence or presence of campesterol, B-sitosterol or -

sitostanol (10—100 uM) for 24 h.

b) Cytokine production is expressed as a percentage relative to cells treated with ConA. Data are mean and standard error for four

independent experiments.

c) 100% represents 3.1 pg/mL whereas basal levels in control cultures ranged from 0.5 to 0.6 pg/mL.
d) 100% represents 23.8 pg/mL whereas basal levels in control cultures ranged from 2.4 to 2.6 pg/mL.
e) 100% represents 82.7 pg/mL whereas basal levels in control cultures ranged from 10.2 to 11.5 pg/mL.

f) SA, statistical analysis by one-way ANOVA.
g) NS, not significantly different from ConA-treated cells.

Table 3. Effects of phytosterols on cytokine release from PMA+loM-treated Jurkat cells®

Cytokine® (% PMA+loM-treated cells)

IL-4 IL-10 IFN-y

PMA+IoM 100.0 = 4.09 100.0 = 6.5 100.0 = 10.8%
PMA+IoM + campesterol 10 uM 105.3+7.3 100.6 2.2 104.7 +1.6
PMA+IoM + campesterol 50 pM 86.8+5.3 111.9:6.3 98.3+6.5
PMA+IoM + campesterol 100 uM 101.8+7.5 102.6 + 2.6 96.7+7.9
PMA+IoM + B-sitosterol 10 uM 120.4 =+ 8.3 109.5+6.4 108.6 +2.9
PMA+IoM + B-sitosterol 50 uM 99.4+155 100.8+ 1.0 107.2+ 3.8
PMA+IoM + B-sitosterol 100 uM 61.3+15.8 109.7 + 4.7 100.6 +5.7
PMA+IoM + B-sitostanol 10 uM 67.3=11.3 107.2+ 3.6 100.4 + 3.7
PMA+IoM + B-sitostanol 50 uM 128.4+13.0 101.7+1.3 101.0=1.2
PMA+IoM + B-sitostanol 100 uM 69.4+14.4 101.9+1.3 94.7 + 4.8
SAD NS9 NS NS

a) Jurkat cells (2 x 10%mL) were supplemented with PMA (10 ng/mL) plus oM (350 ng/mL) in the absence or presence of campes-

terol, B-sitosterol or B-sitostanol (10—100 uM) for 24 h.

b) Cytokine release expressed as a percentage relative to cells treated with PMA+loM. Data are mean and standard error for four

independent experiments.

100% represents 1.6 pg/mL whereas basal levels in control cultures ranged from 0.6 to 0.8 pg/mL.

e
f) SA, statistical analysis by one-way ANOVA.
g) NS, not significantly different from PMA+loM-treated cells.

[B-sitosterol and B-sitostanol did not significantly affect
ConA- (25 pg/mL) or PMA+IoM- (10 ng/mL PMA plus
350 ng/mL IoM) enhanced production of IL-4, IL-10 or
IFN-vy in Jurkat cells (Tables 2 and 3, respectively).

3.2.2 IL-2

Campesterol, [-sitosterol and [-sitostanol significantly
reduced PMA-+IoM-stimulated IL-2 release from the cells
in a dose-dependent manner (p < 0.01; Fig. 1). Similarly,
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c)
d) 100% represents 7.1 pg/mL whereas basal levels in control cultures ranged from 2.1 to 2.7 pg/mL.
) 100% represents 169.5 pg/mL whereas basal levels in control cultures ranged from 12.3 to 12.9 pg/mL.

campesterol, at concentrations of 50 or 100 uM, signifi-
cantly suppressed ConA-induced IL-2 production (p <
0.01; Fig. 2). Only the highest concentrations of B-sitosterol
or B-sitostanol (100 uM) significantly inhibited IL-2 activa-
tion by ConA (p < 0.01; Fig. 2). For suppression of
PMA+IoM stimulated IL-2 production, campesterol was
most effective (249 pg/mL), followed by [-sitosterol
(384 pg/mL) and B-sitostanol (476 pg/mL). Similarly with
ConA stimulation campesterol was the most effective plant
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Figure 1. IL-2 production. Jurkat cells (2 x 105mL) were sup-
plemented with PMA (10 ng/mL) plus loM (350 ng/mL) (P/I,
black column) in the absence or presence of campesterol (dot-
ted columns), B-sitosterol (striped columns) or B-sitostanol
(clear columns) (10—100 uM) for 24 h. IL-2 production is
expressed as a percentage relative to cells treated with mito-
gen alone (P/l). 100% represents 649 pg/mL whereas basal
levels of IL-2 were 6—7 pg/mL in control cultures. Data are
mean and standard error for four independent experiments. *p
< 0.01 compared with P/I, one-way ANOVA followed by Dun-
nett's test.
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Figure 2. IL-2 production. Jurkat cells (2 x 105/mL) were sup-
plemented with ConA (25 pg/mL, solid bar) in the absence or
presence of campesterol (dotted column), B-sitosterol (striped
column) or B-sitostanol (clear column) (10—100 uM) for 24 h.
IL-2 production is expressed as a percentage relative to cells
treated with mitogen alone (ConA). 100% represents 197 pg/
mL whereas basal levels of IL-2 were 6—7 pg/mL in control
cultures. Data are mean and standard error for four independ-
ent experiments. *p < 0.01 compared with ConA, one-way
ANOVA followed by Dunnett's test.

sterol in reducing IL-2 production (91 pg/mL), followed by
B-sitosterol (131 pg/mL) and B-sitostanol (147 pg/mL).

IL-2 was activated to a much greater extent in cells
treated with PMA+IoM compared with ConA, 649 pg/mL
and 197 pg/mL, respectively. The presence of either FK506
or BIM-I (0.1-10 uM) significantly inhibited IL-2 produc-
tion in Jurkat cells treated with either PMA+IoM (10 ng/
mL PMA plus 350 ng/mL IoM) or ConA (25 pg/mL) (p <
0.01; Table 4). At concentrations of 0.1 and 1 uM, FK506
exerted greater inhibitory effects on IL-2 production than
BIM-1. However, 10 uM BIM-I or FK506 showed similar
levels of IL-2 suppression (Table 4). PMA+IoM-enhanced
IL-2 production was more sensitive to inhibition by FK506
and BIM-I compared with ConA.
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Table 4. Effects of inhibitors on IL-2 production in mitogen-
treated Jurkat cells®

IL-2 production® (% control)

FK506 BIM-I1
ConA 100.00 + 6.81 100.00 + 1.54
ConA + 0.1 uM inhibitor 14.12:0.61~ 63.01%
ConA + 1 uM inhibitor 13.71£0.70" 56.73 £+ 5.41*
ConA + 10 pM inhibitor 1259+ 0.21* 9.62 + 1.56*
PMA+IoM 100.00+1.54  100.00 = 6.81

PMA+IoM + 0.1 uM inhibitor ~ 1.00 = 0.07* 33.98%
PMA+IoM + 1 uM inhibitor 1.42+£0.15" 1.23:0.27*
PMA+IoM + 10 uMinhibitor ~ 0.73 = 0.09* 0.63+0.28*

a) Jurkat cells (2 x 10%mL) were supplemented with or with-
out ConA (25 pg/mL) or PMA (10 ng/mL) plus loM (350 ng/
mL) in the absence or presence of FK506 (0.1—10 uM) or
BIM-1 (0.1-10 uM) for 24 h.

b) IL-2 production expressed as a percentage relative to cells
treated with mitogen alone. Data are mean and standard
error for four independent experiments.

c) n1independent experiment.

* p < 0.01; significantly different from cells treated with
appropriate mitogen only, one-way ANOVA followed by
Dunnett's test.

3.3 Cellular calcium content and calcineurin
activity

Calcium content and calcineurin activity were measured in
Jurkat cells supplemented with PMA+IoM in the presence
or absence of 10— 100 uM campesterol, -sitosterol, B-sito-
stanol or 1 uM FK506 for 24 h. None of the treatments sig-
nificantly affected cellular calcium content (Table 5) or cal-
cineurin activity (data not shown) after 24 h.

3.4 PKC activity

The presence of PMA+IoM for 24 h significantly increased
PKC activity in Jurkat cells compared with control cultures
(p < 0.05; Fig. 3). Supplementation with BIM-I (1 uM) sig-
nificantly inhibited PMA-+IoM-enhanced PKC activity (p <
0.05). However treatments with campesterol, 3-sitosterol or
B-sitostanol (10—100 uM) did not alter PKC activation by
PMA+IoM (Fig. 3).

3.5 cAMP levels

PMA-+IoM significantly lowered cAMP levels in Jurkat
cells when compared with control cells (Fig. 4). Campes-
terol, at concentrations of 50 or 100 uM, significantly
increased intracellular cAMP concentrations (p < 0.01)
compared with cells treated with mitogen (Fig. 4). The pres-
ence of 50 uM B-sitosterol or B-sitostanol significantly
enhanced PMA-+IloM-modulated cAMP levels in the Jurkat
cells (p < 0.01 and < 0.05, respectively). Intracellular
cAMP concentrations were significantly enhanced by 1 uM
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Figure 3. PKC activity. Jurkat cells (2 x 10° cells/mL) were supplemented with or without PMA (10 ng/mL) plus loM (350 ng/mL) (P/1)
in the absence or presence of 10—100 uM campesterol (dotted columns), B-sitosterol (striped columns), B-sitostanol (clear columns)
or 1 uM bisindolylmaleimide-I (BIM-I, dark grey column) for 24 h. Data represent mean and standard errors of four independent
experiments. *p < 0.01: significantly different from P/I, one-way ANOVA, Dunnett's test.

cAMP (M)

1

*%
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Campesterol (uM) B-Sitosterol (uM) B-Sltostanol (nM)

Figure 4. Intracellular cAMP concentration. Jurkat cells (2 x 10°cells/mL) were supplemented with or without PMA (10 ng/mL) plus
IoM (350 ng/mL) (P/1) in the absence or presence of 10—100 uM campesterol (dotted columns), B-sitosterol (striped columns), -
sitostanol (clear columns) or 1 uM BIM-I (dark grey column) or 1 uM FK506 (light grey column) for 24 h. Data represent mean and
standard errors of four independent experiments. Basal levels of cAMP were 1.7 + 0.7 uM. *p < 0.05, **p < 0.01: significantly different

from P/I-treated cells, one-way ANOVA, Dunnett's test.

FK506 compared with mitogen-treated cells however sup-
plementation with BIM-I had no significant effect (Fig. 4).

4 Discussion

The cholesterol-lowering effect of plant sterols has led to
the rapid development of plant sterol-enriched foods and, as
a result, increased dietary consumption. However, limited
research has been carried out in relation to other potential
bioactive properties that plant sterols may possess such as
immune modulation. We investigated the effects of three
commonly consumed plant sterols on cytokine production
in stimulated Jurkat T cells.

Plasma concentrations of plant sterols vary largely
between and within different population groups [34]. From
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a review of 45 studies, campesterol levels in the plasma of
normal individuals were shown to range from 6.9 to
27.9 uM whereas baseline plasma B-sitosterol concentra-
tions were shown to range between 2.8 and 16.0 uM [34].
Much lower levels of B-sitostanol have been detected in
human plasma with values of 0.14 uM reported [35].
Plasma levels of plant sterols in patients with sitosterolae-
mia are much higher with typical ranges for B-sitosterol
reported between 300 and 1600 uM and for campesterol
200 and 500 uM [36]. Based on recent scientific under-
standings, there is now concern about the possible
unwanted effects of elevated concentrations of plant sterols
in serum [35]. Therefore, we included a range of concentra-
tions of each plant sterol to reflect approximate physiologi-
cal (~10 uM), supplemental (~50 pM) and pharmacologi-
cal/sitosterolaemia (100 uM) levels.
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Table 5. Calcium content of Jurkat cells treated with mitogens
and plant sterols or FK506?

Cellular calcium®

(ng/mg protein)

Control 64.1=2.9
PMA+loM 74.4+3.5
PMA+IoM + campesterol 10 uM 70.1+2.0
PMA+IoM + campesterol 50 uM 729+1.5
PMA+IoM + campesterol 100 uM 70.3+1.2
PMA+IoM + B-sitosterol 10 uM 725+2.6
PMA+IoM + B-sitosterol 50 uM 73.0+£4.0
PMA+IoM + B-sitosterol 100 uM 719+24
PMA+IoM + B-sitostanol 10 uM 66.7+2.9
PMA+IoM + B-sitostanol 50 uM 67.8+1.4
PMA+IoM + B-sitostanol 100 uM 71511
PMA+IoM + FK506 1 uM 68.6+2.6
SA9 NS

a) Jurkat cells (2 x 10%mL) were supplemented with PMA
(10 ng/mL) plus IoM (350 ng/mL) in the absence or pres-
ence of campesterol, B-sitosterol or B-sitostanol (10—
100 uM) for 24 h.

b) Data are mean and standard error for four independent
experiments.

c) SA, statistical analysis by one-way ANOVA.

d) NS, not significantly different from cells treated with
PMA+loM only.

Campesterol, B-sitosterol or B-sitostanol did not signifi-
cantly affect the viability of mitogen-treated Jurkat cells
whereas their presence significantly reduced cell growth
compared with control cultures. This suggests that the cells
are not dead but that growth is affected. Similarly, other in
vitro studies have shown inhibitory effects of B-sitosterol
on the growth of various human tumour cell lines including
Caco-2 cells [37], HT29 cells [38], HCT116 colon cells
[39], LNCaP cells [40] and MDA-MB-231 cells [41, 42].
These antiproliferative effects have been associated with
their reported apoptotic and “anticancer” activities such as
those which have an effect on membrane structure and func-
tion of tumour and host tissue, signal transduction pathways
that regulate tumour growth and apoptosis, and immune
function of the host [2, 43, 44].

Bouic et al. [12] investigated the effects of ingesting a
[-sitosterol and B-sitosterol glucoside mixture on IL-6 lev-
els in runners pre- and postmarathon. Postmarathon, the
placebo group had higher IL-6 levels than those ingesting
BSS:BSSG supplements, however, premarathon runners on
the BSS:BSSG diet had much higher levels of IL-6 in their
plasma compared to the placebo group. Nashed et al. [45]
reported that, upon activation with LPS, spleen cells from
plant sterol-treated mice had reduced IL-6 and TNF-a lev-
els. In addition, they showed that IL-5, IL-10, IL-13 and
IFN-y production were increased in ovalbumin-supple-
mented spleen cells isolated from mice fed the plant sterol
mix. More recently, Calpe-Berdiel et al. [9] fed mice a diet
containing a mix of plant sterols for 4 wk followed by treat-
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ment with or without turpentine (to simulate acute inflam-
mation). Spleen lymphocytes were isolated and cultured in
the presence of ConA for 48 h. Similar to our findings,
Calpe-Berdiel et al. [9] showed that the plant sterols had no
effect on IL-4, IL-10 and IFN-y production in spleen lym-
phocytes treated with ConA. In the present study, supple-
mentation with 10 uM campesterol, B-sitosterol or B-sitos-
tanol did not alter mitogen-enhanced IL-2 production in our
Jurkat cell model. Plant sterol concentrations of 50 uM and/
or 100 uM significantly suppressed IL-2 production stimu-
lated by ConA or PMA+IoM.

Activation of PKC and elevation of calcium/calcineurin
pathways are involved in a variety of signalling responses
including IL-2 production in T cells [46, 47]. We used two
different mitogens, and hence mechanisms, to activate cyto-
kine production in the Jurkat cells. By including ConA and
PMA-+IoM we were looking at both TCR-dependent and
TCR-independent pathways for IL-2 transcription and pro-
duction [21, 23]. IL-2 suppression by the plant sterols
occurred in cells stimulated with PMA-+IoM or ConA. This
suggests that the plant sterol-induced IL-2 suppressive
effects are not dependent on TCR activation. In our study,
both FK506 and BIM-I prevented mitogen-stimulated 1L.-2
production. PMA+IoM significantly increased PKC activ-
ity and the addition of BIM-I prohibited PMA+IoM activa-
tion of PKC in our cell model. These findings strongly sug-
gest that PKC, and possibly calcium/calcineurin, pathways
are involved in ConA- and PMA+IoM-enhanced IL-2 pro-
duction.

T-cell activation has been divided into early and late
events [48]. PKC activation is more prolonged and may
mediate, in part, some of the more sustained signalling
responses [47]. PKC activity was enhanced by the presence
of PMA+IoM in the Jurkat cells; however none of the plant
sterols affected mitogen-activated PKC. Similarly, in vitro
studies on HT-29 cells have reported on the lack of effect of
[B-sitosterol on phospholipase C, a key enzyme in the PKC
pathway, which catalyses the generation of the two second
messengers inositol-1,4,5-triphosphate (IP3) and DAG
[49]. Moreover, in vivo work has demonstrated that [3-sitos-
terol exerts no effect on PKC activity in rat mucosa [50].

FK506 and cyclosporine A (CsA) are potent immunosup-
pressive drugs widely used in reducing the incidence and
severity of allograft rejection after organ transplantation
[51]. Not only are the immunosuppressive effects of FK506
and CsA due to the interruption of the calcineurin/NF-AT
pathway but apparently the drugs can also work independ-
ent of calcium signalling [51, 52]. For instance, FK506 can
affect other pathways of T cell activation including the
blockade of cytokine receptor expression and cytokine
effects on target cells [51, 52]. Despite differences in their
structure, both drugs were thought to have identical cellular
and molecular effects, i. e. the blocking of T cell activation
by inhibiting IL-2 production. However, recent research has
shown their immunosuppressive mechanisms are not the
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same [52, 53] and that their molecular effects on T cells are
more complex than initially thought. Differences between
FK506 and CsA immunosuppressive effects were high-
lighted by the finding that FK506, not CsA, inhibited (i) IL-
2 induced IL-5 production by human T cells and (ii) T cell
proliferation stimulated by IL-2 and IL-7 [51]. CsA, while
sharing with FK506 the capacity to inhibit cytokine produc-
tion, had negligible (if any) effect on the cascade alterations
within the cytokine network [51]. In the present study, the
plant sterols suppressed IL-2 production however no effects
were seen on the other cytokines especially IFN-y. There-
fore, it is possible that the plant sterols may have exerted
their effects in a similar manner to CsA. Moghadasian [54]
studied the interactions between dietary phytosterols and
CsA in regard to blood CsA concentration, lipoprotein pro-
files and histological and morphometrical features of athe-
rosclerotic lesions in ApoE-KO mice. The author suggested
that simultaneous consumption of dietary plant sterols and
CsA may attenuate post-transplant CsA-related hypercho-
lesterolemia. Moghadasian [54] concluded that additional
studies are required to understand the mechanisms by which
plant sterols reduce CsA-induced hypercholesterolemia. In
our study, FK506 and the plant sterols were not added to the
Jurkat cells simultaneously.

After 24 h, cellular calcium content and calcineurin
activity was not altered by PMA+IoM, FK506 or the plant
sterols in our cell model. Tanaka er al. [21] reported that
zinc ions significantly lowered IL-2 production stimulated
by ConA and PMA+IoM in Jurkat cells. They suggested
that because zinc ions suppressed PMA+IoM-enhanced IL-
2, in a way similar to FK506, that the action of the zinc ions
should reside at least in the downstream of intracellular
Ca* increase [21]. Therefore there are a few possibilities (i)
calcium content and calcineurin activity in the Jurkat cells
returned to basal levels seeing as that they are early events
in T cell activation [47] or (ii) IL-2 suppression may have
occurred via a calcium/calcineurin-independent pathway
[5S1-53].

The first description of a physiological role of cAMP in
1957 gave rise to a concept of cAMP being a second mes-
senger that mediates the effects of a variety of different bio-
logically active agents [55, 56]. A multitude of studies
involving the use of cAMP-elevating agents, such as PGE,
and forskolin, have demonstrated significant inhibition in
IL-2 production [57-60]. Although IL-2 has been reported
to inhibit basal as well as PGE,-, isoproterenol- and forsko-
lin-stimulated cAMP production in human T lymphocytes,
this inhibitory effect was observed only if cells were pre-
treated with IL-2 and the membranes activated with Ca*
and ATP [61]. The addition of PMA+IoM resulted in
enhanced IL-2 production and reduced cAMP levels com-
pared with control. Conversely, FK506 prevented IL-2 pro-
duction and significantly enhanced cAMP levels. Campes-
terol, B-sitosterol and B-sitostanol behaved in a similar
manner as FK506 seeing as that the concentrations which
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significantly suppressed IL-2 production almost correspond
exactly to those that elevated cAMP levels.

The clinical implication of high serum plant sterol con-
centrations, if any, is still unclear and under active investi-
gation [62]. Experimental evidence, including the present
findings, suggests that plant sterols may have additional
biological effects. This type of specific interaction with IL-
2 might prove useful in the treatment of various inflamma-
tory processes, especially in patients requiring immunosup-
pressive effects [63]. On the other hand, novel agents that
influence cAMP and IL-2 levels, which have been devel-
oped primarily for targeting other pathophysiological states
(i.e. lowering plasma cholesterol levels), should be care-
fully monitored for possible unwanted immune involve-
ment [63]. It is important to bear in mind that in the present
study the plant sterols had no effect on IFN-vy, IL-4 and IL-
10 levels. Further research is warranted in this area to eluci-
date the effects of plant sterols on IL-2 production in vari-
ous research models (both in vitro and in vivo) and to pro-
vide more information on their possible mechanisms of
action.
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