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Abstract

Plant-derived flavonoids are inhibitors of various intracellular processes, notably phosphorylation pathways, and potential inhibitors of

cellular autoimmunity. In this study, the inhibiting effects of various flavonoids on antigen-specific proliferation and interferon-gamma

(IFN-g) production by human and murine autoreactive T cells were evaluated in vitro. T-cell responses were evaluated for the human

autoantigen alpha B-crystallin, a candidate autoantigen in multiple sclerosis, and for the murine encephalitogen proteolipid protein

peptide PLP (139–151).

The flavones apigenin and luteolin were found to be strong inhibitors of both murine and human T-cell responses while fisitin, quercitin,

morin and hesperitin, members of the subclasses of flavonoles and flavanones, were ineffective. Antigen-specific IFN-g production was

reduced more effectively by flavones than T-cell proliferation, suggesting that the intracellular pathway for IFN-g production in T cells is

particularly sensitive to flavone inhibition.

These results indicate that flavones but not flavanoles or flavanones are effective inhibitors of the potentially pathogenic function of

autoreactive T cells. The effects of flavones were the same for human and murine autoreactive T cells, stressing the usefulness of animal

models of autoimmunity for further studies on the effects of flavonones on autoimmune diseases.

# 2004 Elsevier Inc. All rights reserved.

Keywords: Flavonoids; T cells; Autoimmune; Multiple sclerosis; Apigenin; Luteolin

1. Introduction

Flavonoids are naturally occurring polyphenolic com-

pounds that are widely found in the plant kingdom. As

intrinsic components of fruit, vegetables and beverages

such as wine and tea [1] many of the 4000 different

flavonoids known to date are part of a regular diet. Fla-

vonoids are composed of two aromatic rings linked

through three carbon atoms that form an oxygenated

heterocycle. Variations on the basic structure of flavonoids

yield different classes of flavonoids [2]. These structural

variations may explain the observed differences in the

bioactivity of these related compounds. Three of the major

subclasses are flavones, flavonoles and flavanones, respec-

tively. The first two are the most commonly occurring

flavonoids in plants, while flavanones are especially abun-

dant in citrus fruits [1,2]. The relatively strong dietary

representation of these three classes of flavonoids renders

them particularly relevant to human health [3,4]. Several

epidemiological studies on the effects of flavonoids sug-

gest positive effects on human health. The low incidence of

cardiovascular disease in the Mediterranean population,

for example, correlates with a high intake of flavonoid-rich

food [5]. Similarly positive effects of flavonoids have been

reported on coronary disease [6,7] and cancer [8–10].

Biological mechanisms underlying such effects, however,

remain to be established.

Flavonoids are best known for their anti-oxidant activ-

ities [11], yet they have many more biological effects.

Many different enzymes involved in intracellular signaling

can be affected by flavonoids [12]. Especially the effects of
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flavonoids on protein kinases are of great interest since

they directly influence immune functions in the host.

Effects on protein tyrosine kinases such as the CD4-

associated p54lck and p59fyn, for example, influence T-cell

activation, growth and differentiation [12–17].

So far, in vitro effects of flavonoids on T-cell functions

have only been studied using aspecific activation of naı̈ve T

cells by mitogens as a test system. Depending of the

subclasses and structure, flavonoids suppressed concana-

valin A-induced and, less effectively, LPS-induced leuko-

cyte proliferation [18,19]. Moreover, T cells stimulated by

PMA together with anti-CD28 were suppressed in their

proliferation and interleukin (IL)-2 production by flavo-

noids [20]. Yet, in human disease and especially in auto-

immune disease, pivotal control is exerted by memory or

memory/effector T cells that become activated in an anti-

gen-specific manner. It is well established that intracellular

signaling in antigen-stimulated memory T cells differs

from lectin-stimulated naı̈ve T cells in levels and patterns

of phosphorylation, kinetics and requirement for costimu-

latory signals and antigen dosages [13,21–23]. The impact

of flavonoids on memory T cells relevant to human auto-

immune disease, therefore, remains to be established.

The goal of the present study was to evaluate the in vitro

effect of flavonoids on T-cell functions that are considered

relevant to autoimmune disease and in particular to multi-

ple sclerosis (MS). MS is a T-cell mediated demyelinating

disease of the central nervous system in which neurological

dysfunction is most likely caused by autoimmune T-cell

responses to central nervous system myelin antigens

[24–26]. Both in MS and its animal model counterpart,

experimental autoimmune encephalomyelitis (EAE), puta-

tive auto-antigens have been identified. Previous research

indicates that for human T cells, the myelin-associated

protein alpha B-crystallin is a dominant target antigen

[27,28]. The secretion of interferon-gamma (IFN-g) by

T cells in response to antigen contributes to the develop-

ment of disease [29].

EAE is a widely used animal model for MS. By immu-

nizing susceptible strains of mice or rats with appropriate

myelin-derived proteins or peptides, autoimmune inflam-

mation in the central nervous system can be induced

leading to clinical and pathological features very similar

to those observed in MS-patients. Since, in contrast to

humans, laboratory animals are generally tolerant for alpha

B-crystallin, this antigen cannot be used to induce experi-

mental disease [30,31]. Peptides derived from other myelin

proteins are therefore frequently used to induce experi-

mental disease. In SJL mice, one of the most potent

experimental antigens to trigger EAE is the peptide frag-

ment 139–151 of proteolipid protein (PLP). Also in this

model the production of IFN-g by antigen-specific auto-

reactive T cells is considered crucial for the development

of disease [32,33].

Human memory T cells against alpha B-crystallin and

murine memory T cells against the PLP peptide 139–151

are suitable objects of study and they allow a direct

comparison between the effects of flavonoids on autoim-

mune memory T cells from either humans or mice. In order

to examine the impact of flavonoids on these T cells, we

selected six different flavonoids belonging to the flavones,

flavonoles or flavanones (Fig. 1). They included the
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Fig. 1. Structural characteristics of different flavonoid classes. The figure depicts the basic structure of flavonoids, indicating ring lettering and atom

numbering. In the bottom part, structural features are illustrated of the three groups of flavonoids studied here. Flavonoid structures adopted from Middleton

and Kandaswami [12].
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flavones luteolin and apigenin, the flavonoles fisetin, quer-

citin and morin, and the flavonone hesperitin.

2. Materials and methods

2.1. Flavonoids

Morin and fisetin were obtained from Indofine (Belle

Mead, NJ). Apigenin, luteolin, quercitin and hesperitin

were kindly provided by Kaden Biochemicals (Hamburg,

Germany).

2.2. Animals

Female SJL/J mice were bred under specific pathogen-

free conditions at the facilities of TNO Prevention and

Health (Leiden, The Netherlands). All mice were used

between ages 8 and 12 weeks.

2.3. Autoreactive human memory lymphocytes

Human peripheral blood monocytes (PBMC) were iso-

lated from whole blood obtained from healthy donors by

Histopaque 1077 (Sigma Diagnostics, St. Louis, MO)

density gradient centrifugation. Human lymphocytes spe-

cific for alpha B-crystallin were obtained by culturing the

isolated PBMC in RPMI-1640 (Life Technologies, Paisley,

Scotland) in a concentration of 2 � 106 cells per ml

supplemented with 100 U/ml penicillin, 100 mg/ml strep-

tomycin, 10 mM glutamax and 5% normal human serum in

the presence of 10 mg/ml recombinant human alpha B-

crystallin. On days 5 and 8, 10% Lymphocult-T (Biotest

Seralc, Zaventem, Belgium) was added to the culture

medium and served as source of IL-2 to stimulate T cells

to proliferate. At day 10, alpha B-crystallin specific T cells

were collected and re-seeded in culture medium at 1 � 105

cells per well in the presence of 2 � 105 autologous

irradiated (30 Gy) PBMC, 10 mg/ml human alpha B-crys-

tallin and varying concentrations of flavonoids. After 72 h

of culture 100 ml of supernatant was removed for cytokine

analysis and T cells were cultured for another 18 h in the

presence of 20 kBq [3H]thymidine. The [3H]thymidine

incorporation was measured by a betaplate counter (Per-

kin-Elmer, Turku, Finland).

PBMC were collected from five to seven healthy donors.

All experiments were performed in triplicate with T cells

from each donor.

2.4. Autoreactive murine memory lymphocytes

SJL mice were immunized s.c. in the flank with 40 mg

PLP (139–151) emulsified in complete Freund’s adjuvant

containing 1 mg/ml Mycobacterium tuberculosis H37RA

(Difco Laboratories, Detroit, MI). After 10 days, spleen as

well as axilliary and inguinal lymph nodes were isolated

and spleen cells as well as lymph node cells were seeded at

1 � 105 cells per well in the presence of 2 � 105 syngeneic

irradiated (30 Gy) splenocytes from naive mice in 200 ml

culture medium supplemented with 100 U/ml penicillin,

100 mg/ml steptomycin, 50 mM 2-mercapthoetanol, 10 mM

glutamax and 5% v/v FCS (BioWhittaker, Verviers, Bel-

gium). Also, 10 mg/ml PLP (139–151) and varying con-

centrations of flavonoids were added at the beginning of

the culture. After 72 h of culture 100 ml of supernatant was

removed for cytokine analyses and the cells were cultured

for another 18 h in the presence of 20 kBq [3H]thymidine.

Incorporation of [3H]thymidine was measured by a beta-

plate counter.

Murine T cells of four different mice were pooled. All

experiments were performed in triplicate with at least three

different pools of T cells derived from different groups of

mice. The use of animals for this study was approved by an

animal welfare committee.

2.5. Cytokine analysis

The levels of interleukin-4 and interferon-g in culture

supernatants were determined using commercially avail-

able ELISA kits (PharMingen, San Diego, CA). Cytokine

production in culture supernatant of lymph node-derived T

cells was tested for each individual experiment with T cells

stimulated with different flavonoids. With cultured murine

spleen and human T cells, the cytokine concentration was

determined in pooled culture supernatant for each experi-

mental condition.

2.6. Viability analysis by flowcytometry

To determine levels of cell death and/or apoptosis in T-

cell cultures, T cells were harvested at the end of the

cultures and stained with specific antibodies against

annexin V (Genzyme, Cambridge, MA) to assess apopto-

sis, or with propidium iodine to determine the percentage

of dead cells by flowcytometry using a Facscalibur (Becton

Dickson, Mountain View, CA).

2.7. Statistical methods

Statistical analysis was done using SPSS statistical

package. One way ANOVA was used followed by a

post hoc LSD test for multiple comparisons. In all cases

a P-value of <0.05 was considered significant.

3. Results

3.1. Viability of lymphoid cells cultured in the

presence of varying doses of flavonoids

Since previous reports indicate that flavonoids may

induce apoptosis and in this way, could aspecifically affect
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levels of antigen-specific responses in cultured T cells [34],

we first examined the influence of flavonoids on T-cell

apoptosis and death. After 72 h of culturing T cells in the

presence of various concentrations of flavonoids, apoptosis

was monitored by flowcytometric analysis for the expres-

sion of annexin V. Cell death was assessed by measuring

permeability for propidium iodide. The evaluation was

performed at the end of a 72-h culture period, the max-

imum assay time used in our studies, thus reflecting the

maximum effect of flavonoids on T-cell viability. The

results revealed that the concentration range of up to

35 mM for all flavonoids tested was appropriate to study

effects on T-cell functions without compromising cell

vitality (Fig. 2).

3.2. Effects of flavonoids on antigen-specific T-cell

proliferation

A marked difference was observed between the abilities

of the three main groups of flavonoids to change the

responses by T cells, as illustrated in Fig. 3. Proliferative

responses of murine lymph node-derived T cells to PLP

(139–151) were markedly reduced in the presence of even

low concentrations of luteolin and apigenin (Fig. 3a). At

35 mM of flavones, this response was reduced by well over

50%. In contrast, the flavonoles and flavanones had no

clear effect on T-cell proliferation (Fig. 3b and c). Only

quercitin was found to have some inhibiting effects, how-

ever only at the highest dose tested.

When the effects of flavonoids were measured on

antigen-specific responses by murine spleen-derived T

cells, none of the flavonoids had any inhibitory activity

(Fig. 3d–f). The difference between the effects of the

flavonoids on either lymph node-derived T cells and

spleen-derived T cells of immunized mice possibly relates

to a difference in the cellular composition of either lym-

phoid organ, with memory T cells being more abundant in

lymph nodes. Conceivably, the presence of significant

numbers of B cells and macrophages in splenocyte cultures

reduces the amounts of flavonoids available to T cells in the

same culture. Also the percentage of T cells in the spleen

capable of reacting to PLP (139–151) stimulation is lower

than in lymph node-derived T cells since lymph node-

derived T cells react much more vigorously to PLP (139–

151) stimulation in absence of flavonoids.

Using PBMC from healthy donors, human T cells

against the myelin protein alpha B-crystallin were simi-

larly examined for their antigen-specific proliferative

response in the presence of increasing concentrations of

flavonoids. Previously, we have demonstrated that PBMC-

derived T cells responsive to alpha B-crystallin express

high levels of CD45 RO, classifying them as memory T

cells [28]. Similar to our studies in mice, the flavones

apigenin and luteolin markedly inhibited antigen-specific

responses in a dose-dependent manner. In the presence of

35 mM apigenin, responses were reduced with about 16%,

and with luteolin inhibition reached levels of about 23%

(Fig. 3g). The flavonoles morin and fistin did not exert such

inhibitory effects. Only the flavonole quercitin and the

flavanone hesperitin were found to lead to some inhibition

but only at the highest dose tested (Fig. 3h and i). Overall,

therefore, the effects of flavonoids on antigen-specific

responses by human T cells very closely parallel those

on murine lymph node-derived T-cell responses.

3.3. Effects of flavonoids on antigen-induced IFN-g
release

For the effector function of T cells, antigen-induced

cytokine production is at least as important as their

proliferative response. In MS and EAE, production of

IFN-g by autoantigen-specific T-cells is of prime impor-

tance for the development of clinical disease. Murine T

cells against PLP (139–151) as well as human T cells

specific for alpha B-crystallin are known to produce

much more IFN-g in response to their antigen than IL-

4 or IL-10 [28,36–38]. In agreement with these data, no

significant levels of IL-4 or IL-10 could be detected in

any of our T-cell cultures after addition of the appropriate

autoantigen (data not shown). In contrast, IFN-g produc-

tion in response to the autoantigen was substantial for

both human and murine T cells.
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Fig. 2. The effect of flavonoids on T-cell viability and apoptosis. In order to select a range of flavonoid concentrations that do not affect cell viability, levels

of apoptosis and cell permeability were evaluated after culturing lymphocytes in the presence of flavonoids. After 72 h of culture, apoptosis was evaluated by

flowcytometric analysis of annexin V expression, and cell permeability was assessed by propidium iodide staining. Viable cells are expressed as percentage

living cells in the control. Depicted are the effects of luteolin (*), apigenin (*), fisetin (~), morin (&), quercitin (~), hespertin (^).
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Interestingly, the effect of flavonoids on antigen-induced

IFN-g production was found to closely parallel the effects

on proliferative responses, but they appeared to be more

pronounced. Even at a concentration of apigenin as low as

3.5 mM, IFN-g production by murine lymph node-derived

T cells was found to be reduced by about 40%. IFN-g
production was completely blocked at 35 mM luteolin and

reduced by 65% with apigenin (Fig. 4a). Also two flavo-

noles, viz. fisetin and quercitin, exerted clearly detectable

inhibitory effects up to about 50% at doses of 35 mM

(Fig. 4b). Morin and hespertin remained ineffective in

influencing IFN-g production at all doses tested.

In line with the more pronounced impact of flavonoids on

IFN-g production as compared with proliferative responses,

also spleen-derived T cells were sensitive in their antigen-

induced IFN-g production to several flavonoids (Fig. 4d–f).

Flavones reduced this production with about 50% at the

highest doses tested. Similar effects were found for the fla-

vonole quercitin, which completely blocked IFN-g produc-

tion, and for fisetin. The flavonole morin and the flavanone
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Fig. 3. The effects of flavonoids on antigen-triggered proliferation of murine and human T cells. Mice were immunized with PLP (139–151) and after 10

days, lymph node- and spleen-derived T cells were isolated and cultured in the presence of 10 mg/ml antigen and the indicated dose of flavonoids. Human T

cells were obtained by priming human peripheral blood T cells with 10 mg/ml recombinant human alpha B-crystallin. After 10 days of culture, responsive T

cells were harvested and reseeded in the presence of antigen along with varying concentrations of flavonoids. Proliferation of both murine and human T cells

was measured after 3 days and expressed as the percentage of proliferation observed in control cultures in the absence of any flavonoids. Background

responses of T-cell proliferation in absence of antigen were negligible (<400 counts per minute (cpm)) in comparison with the control response. Control

responses are around 12,000 cpm for lymph node-derived T cells and 3000 cpm for spleen cells-derived T cells. The background levels of proliferation and

the control response for human T cells are comparable with spleen-derived T cells. Depicted are the effects of luteolin (*), apigenin (*), fisetin (~), morin

(&), quercitin (~), hespertin (^). Apigenin and luteolin both reduce the proliferation significantly (P < 0.05) in both murine lymph node-derived T cells (a)

and human T cells (g).
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hesperitin remainedineffective in inhibitingantigen-induced

IFN-g production in murine spleen-derived T cells.

Similarly, in human T cells, antigen-induced IFN-g
production was more strongly affected by flavonoids than

the proliferative responses (Fig. 3g–i). In this case it was

found that already at low concentrations flavones reduced

IFN-g production by well over 50%. Where flavonoles

fisetin and quercitin were found to inhibit the IFN-g
production, the other flavonole tested, viz. morin, remained

ineffective. The flavanone hesperitin only slightly reduced

IFN-g production. Again, therefore, the effects of the

different flavonoids on human antigen-specific T cells were

essentially the same as compared to murine T cells.

4. Discussion

In this study, we have established the effects of

flavonoids on antigen-specific responses of both murine

and human autoimmune T cells. Essentially different

0.0

0.5

1.0

1.5

2.0

0 3.5 17.5 35

0,0

0,5

1,0

1,5

2,0

0 3.5 17.5 35
0,0

0,5

1,0

1,5

2,0

0 3.5 17.5 35

0.0

0.5

1.0

1.5

2.0

0 3.5 17.5 35

0,0

0,5

1,0

1,5

2,0

0 3.5 17.5 35
0,0

0,5

1,0

1,5

2,0

0 3.5 17.5 35
0.0

0.5

1.0

1.5

2.0

0 3.5 17.5 35

re
la

tiv
e

IF
N

-g
am

m
a

pr
od

uc
tio

n
re

la
tiv

e
IF

N
-g

am
m

a
pr

od
uc

tio
n

re
la

tiv
e

IF
N

-g
am

m
a

pr
od

uc
tio

n

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

flavones (µΜ)

flavonoles (µΜ)

flavanon (µΜ)

Murine lymph node T cells

re
la

tiv
e

IF
N

-g
am

m
a

pr
od

uc
tio

n

Murine spleen T cells

flavones (µΜ)

flavonoles (µΜ)

re
la

tiv
e

IF
N

-g
am

m
a

pr
od

uc
tio

n
re

la
tiv

e
IF

N
-g

am
m

a
pr

od
uc

tio
n

Human T cells

re
la

tiv
e

IF
N

-g
am

m
a

pr
od

uc
tio

n

flavones (µΜ)

flavonoles (µΜ)

re
la

tiv
e

IF
N

-g
am

m
a

pr
od

uc
tio

n
re

la
tiv

e
IF

N
-g

am
m

a
pr

od
uc

tio
n

flavanon (µΜ)

0,0

0,5

1,0

1,5

2,0

0 3.5 17.5 35

flavanon (µΜ)

0,0

0,5

1,0

1,5

2,0

0 3.5 17.5 35

Fig. 4. The effects of flavonoids on antigen-triggered IFN-g production by murine and human T cells. Mice were immunized with PLP (139–151) and after

10 days, lymph node- and spleen-derived T cells were isolated and cultured in the presence of 10 mg/ml antigen and the indicated dose of flavonoids. Human

T cells were obtained by priming human peripheral blood T cells with 10 mg/ml recombinant human alpha B-crystallin. After 10 days of culture, responsive T

cells were harvested and reseeded in the presence of antigen along with varying concentrations of flavonoids. Culture supernatants of both murine and human

T cells were harvested 3 days following antigen stimulation, and the amounts of IFN-g in the supernatants were determined by ELISA. These amounts are

expressed as the percentage of IFN-g found in supernatants of control cultures in the absence of any flavonoids. Background production of IFN-g by T cells

cultures in absence of antigen are negligible (<10 pg/ml). IFN-g production by control cultures of T cells is around 2200 pg/ml for lymph node-derived T

cells and 5000 pg/ml for spleen cells-derived T cells. Background levels of IFN-g production and the IFN-g production by control cultures of human T cells

are comparable with lymph node-derived T cells. Depicted are the effects of luteolin (*), apigenin (*), fisetin (~), morin (&), quercitin (~), hespertin

(^). Both apigenin and luteolin reduce the IFN-g production significantly (P < 0.05) in murine-derived lymph node T cells (a). Quercitin reduce significantly

the IFN-g production in murine-derived spleen cells (e) and apigenin, luteolin, fisitin reduce significantly the IFN-g production in human T cells (g–h).
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intracellular pathways control antigen-induced responses

in T cells as compared to mitogen-activated naive T cells,

involving different phosphorylation cascades and tran-

scription factors [39,40]. Since T cells are crucial for the

development of human autoimmune disease, a focus on

this type of cell provides relevant information on the possible

therapeutic application of flavonoids in human auto-

immune disease. In our study, we have focused on T cells

reactive with autoantigens in mice and humans that have

a documented relevance to autoimmune demyelination.

The main result of our study is that the flavones luteolin

and apigenin but not the flavonoles or flavanones tested

are potent inhibitors of antigen-triggered proliferative

responses by autoreactive T cells. Also the IFN-g secretion

is strongly inhibited by flavones and to a lesser degree by

flavonoles. The same response profile was observed for

murine and human T cells, underpinning the usefulness of

murine studies for evaluating possible applications of

flavonoids in human disease. At doses of flavonoids that

do not detectably affect cellular viability in culture, IFN-g
production was more strongly affected than proliferative

responses for both murine and human T cells, suggesting

that IFN-g production relies on signaling cascades that are

relatively sensitive to flavonoid inhibition. Yet, the flavo-

noids that provide the strongest inhibition of IFN-g pro-

duction are the same that inhibit proliferation as well. Of

obvious relevance is the question how the flavonoid con-

centrations applied in our study compare to those that can

be found in biological fluids such as plasma or serum

following normal intake of flavonoids. Unfortunately, cur-

rent bioavailability studies on flavonoids are limited and

far from conclusive. Flavonoids absorption in the gastro-

intestinal tract is influenced by several factors such flavo-

noid structure, level and type of flavonoid glycosylation,

dietary source, and the nature of the gut microflora [41].

When flavonoids are ingested as part of a regular diet,

serum concentrations of the original flavonoid rarely

exceed 1 mM [42–44]. When ingested as pure compounds,

serum levels can exceed this concentration [45–47]. A

major confounding factor in bioavailability studies, how-

ever, is the formation of biologically active metabolites

derived from flavonoids during absorption as well as by the

action of the gut microflora. Exactly which metabolites

may be formed from each flavonoid is not fully known.

Consequently, it is not fully known which biologically

active metabolites and how much of these may be present

to complement the function of the original unmodified

flavonoid in biological fluids. It has been repeatedly found

that the total antioxidant capacity of serum after flavonoid

intake, for example, can vastly exceed the levels that would

be expected based solely on the amount of the original

flavonoid detectable in it [43,48]. Serum levels of about

1 mM of flavonoids after normal dietary intake should

therefore be considered as a minimum level, with an

unknown range of similarly active metabolites possibly

complementing this level.

Several flavonoids including apigenin, luteolin, fisetin,

hesperitin and quercitin have previously been examined

for their ability to reduce mitogen-induced proliferative

responsesinnaiveTcells[18,35].Thesestudieshaveclarified

inhibitory effects of not only apigenin but also quercitin,

fisetin and hesperitin on proliferation of cytotoxic T cells and

their killing of targets. Quercitin is also known to arrest

human leukemic T cells in cell cycle [16]. In the present

studywefocusedonautoantigen-specificTcellsdemonstrat-

ing significant inhibitory effects only by the flavones luteolin

and apigenin. The fact that a more restricted selection of

flavonoidsappearstobeeffectiveininhibitingTcells is inline

with thenotion that thesecellsaremore readily triggered than

naive cells, requiring lower levels of costimulation and less

antigen[21,22].Also,intracellularsignalingpathwayslinked

to receptor triggering in T cells are different from naive T

cells. They involve less overall phosphorylation and an

almost complete lack of tyrosine kinase ZAP-70 phosphor-

ylation, reduced SLP-76 expression and decreased calcium

flux [13,23,39,40]. These differences in phosphorylation

patterns are of particular relevance given the well-known

ability of flavonoids to inhibit protein phosphorylation and

hence, effector functions of immune cells including macro-

phages, mast cells and lymphocytes. The differential effects

offlavonoidsonT cellsascompared tonaiveT cellsmaywell

be associated with this difference in phosphorylation signal-

ling steps during activation.

Structural features of luteolin and apigenin, the most

potent inhibitors of T cells, include the presence of a

double bond in the C ring between C-2 and C-3 together

with an absence of a hydroxyl group at C-3 (Fig. 1).

Flavonoles, bearing a hydroxyl group at the C-3 position

are known to inhibit the functional activation of naive T

cells, but are apparently much less active in inhibiting T

cells. Interestingly, the structural features that typify the

most potent flavonoid inhibitors of T cells in our study are

different from the structural features of the more potent

flavonoid inhibitors of for example, xanthine oxidase

[49,50], multi-drug transporter [51], cytochrome P450

[52] or HIV integrase functions [53]. This confirms that

detailed structural features endow flavonoids with a dis-

tinct level of selectivity in their biological effects. Based on

such selectivities, other flavonoids may be identified with

similar or perhaps even more potent activities against T

cells that may help further examine the possibility to utilize

flavonoids as immune-suppressive agents in the treatment

of autoimmune disorders. Our data suggest that animal

model approaches in this respect are valid in the apparent

absence of species-specific effects.
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