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Abstract

Phytochemicals may reduce chronic inflammation and cancer risk in part by modulating T-cell nuclear factor-kB (NF-kB)

activation. Therefore, we examined the effects of curcumin (Cur) and limonin (Lim) feeding on NF-kB–dependent CD41

T-cell proliferation. DO11.10 transgenic mice (n ¼ 5–7) were fed diets containing 1% Cur or 0.02% Lim combined with

either (n-6) PUFA [5% corn oil (CO)] or (n-3) PUFA [4% fish oil11% corn oil (FO)] for 2 wk, followed by splenic CD41 T-cell

isolation and stimulation with ovalbumin peptide 323–339 (OVA) and antigen-presenting cells from mice fed a conventional

nonpurified rodent diet. Both Cur and Lim diets suppressed (P , 0.05) NF-kB p65 nuclear translocation in activated CD41

T-cells. In contrast, activator protein-1 (c-Jun) and nuclear factor of activated T-cells c1 were not affected compared with

the CO control diet (no Cur or Lim). CD41 T-cell proliferation in response to either mitogenic anti-CD3/28 monoclonal antibodies

(mAb) or antigenic stimulation by OVA was also suppressed (P , 0.05) by Cur as assessed by carboxyfluorescein succinimidyl

ester staining. In contrast, interleukin-2 production was not directly associated with NF-kB status. Interestingly, dietary

combination with FO enhanced the suppressive effects (P , 0.05) of Cur or Lim with respect to CD41 T-cell proliferation in

response to anti-CD3/28 mAb. These results suggest that combination chemotherapy (FO1Cur or Lim) may favorably

modulate CD41 T-cell–mediated inflammation. J. Nutr. 139: 1042–1048, 2009.

Introduction

Inflammation is an imperative host defense response involving
both innate and adaptive immune systems. However, chronic
inflammation is a disease state that is associated with a higher
risk of cancer development (1–4). With respect to the adaptive
immune response, CD41 T-cells regulate inflammatory re-
sponses in part by clonal expansion into effector T helper cell
subsets with distinct cytokine profiles. The function of CD41

T-cells is affected by a variety of factors such as genetic
background, antigen (Ag)10 peptide, adjuvant, Ag-presenting
cell (APC) subset, as well as nutrients (5–9).

With respect to the heterogeneous plasma membrane phos-
pholipid bilayer, cholesterol/sphingomyelin-rich microdomains,
i.e. lipid rafts (10–12), are thought to form platforms for
receptor residence and signaling molecule migration (13). In
addition, signaling molecules are recruited to the immunological
synapse where T-cells and APC make physical contact after
T-cell receptor (TCR)/CD3 ligation to the major histocompati-
bility complex/Ag complex. Following the induction of signaling
cascades proximal to TCR ligation, nuclear factors translocate
from the cytosol into the nucleus to elicit the expression of an
array of cytokines. It is now appreciated that nuclear factor-kB
(NF-kB) delivers a ‘‘life signal’’ by stimulating proinflammatory
cytokines such as interleukin-2 (IL-2) and interferon-g in T-cells
(14–16). IL-2 gene transcription, a hallmark feature of T-cell
activation, is also regulated by activator protein-1 (AP-1) and
nuclear factor of activated T-cell (NFAT) (17). Interestingly,
dietary fish oil (FO), which is enriched in antiinflammatory (n-3)
PUFA such as eicosapentaenoic acid [20:5(n-3)] and docosahex-
aenoic acid [DHA; 22:6(n-3)], suppressed the recruitment of
signaling molecules into lipid rafts, nuclear factor-kB (NF-kB)/
AP-1 activation, and IL-2 production in mice, linking alteration
in lipid raft composition to reduced IL-2 production (18). Kim
et al. (19) reported that (n-3) PUFA enhanced the formation of
lipid rafts at the immunological synapse, which was associated
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with suppressed signaling protein translocation and prolifera-
tion in CD41 T-cells from fat-1 transgenic mice. In contrast, die-
tary lipids rich in (n-6) PUFA, e.g. linoleic acid [18:2(n-6)] and
arachidonic acid [20:4(n-6)], found in vegetable oils and animal
fats can be deleterious with respect to some inflammatory dis-
eases [reviewed in (20)].

Phytochemicals have been investigated for decades as che-
motherapeutic agents for cancer and chronic inflammatory
diseases. Curcumin (Cur) (diferuloylmethane), a major active
component of turmeric (Curcuma longa Linn), exhibited anti-
inflammatory effects by suppression of the NF-kB signaling
pathway in T-cells (21) as well as ovarian and pancreatic cancer
cell-line models (22–24). In addition, our laboratory has shown
that Lim (7,16-dioxo-7,16-dideoxylimondiol), a compound
extracted from citrus fruit, downregulates inducible nitric oxide
synthase and cyclooxygenase-2, which are regulated in part by
NF-kB, in a rat mucosal cancer model (25). These data suggest
that limonin (Lim) may also be a putative NF-kB inhibitor and
therefore capable of modulating CD41 T-cell function. How-
ever, the function of dietary Cur and Lim with regard to CD41

T-cell activation has not been examined.
In this study, using Ag-specific or mitogenic stimulation of

CD41 T-cells from DO11.10 Rag22/2 TCR transgenic mice,
which respond specifically to ovalbumin peptide 323–339
(OVA) to mimic physiological Ag stimulation (26), we hypoth-
esized that dietary Cur and Lim would suppress CD41 T-cell
function by modulating NF-kB activity and that dietary ‘‘com-
bination chemotherapy’’ using (n-3) PUFA plus either Cur or
Lim would enhance the suppression of IL-2 secretion and cell
proliferation in mice.

Materials and Methods

Animals, diets, and cell purification. All procedures followed guide-

lines approved by the Public Health Service and the Institutional Animal

Care and Use Committee at Texas A&M University. TCR transgenic

DO11.10 Rag22/2 mice were purchased from Taconic Farms and bred
and maintained at Texas A&M University. Lim was purified by the

Vegetable and Fruit Improvement Center at Texas A&M University from

crude grapefruit extract as previously described (27). The composition of

experimental diets is shown (Table 1) and met the NRC nutrition

requirements (28,29). Briefly, diets differed in fat source and the addition

of Cur or Lim. The FO diet contained 4% fish oil 1 1% corn oil (CO) to
meet the essential fatty acids requirement, whereas the 5% CO diet

served as a control. 1% Cur or 0.02% Lim was added to both CO and

FO diets (CO1Cur; CO1Lim; FO1Cur; FO1Lim) at the expense of

cellulose. Mice were fed a wash-out CO diet for 1 wk followed by a 2-wk
experimental diet feeding. CD41 T-cells from mice were isolated from

spleens by a magnetic microbead positive selection method (Miltenyi

Biotec) according to the manufacturer’s protocol. For antigenic stimu-

lation, splenic monocytes from standard mouse diet (Teklad 9F
Sterilizable Rodent diet)-fed BALB/c mice were used as APC. Briefly,

lymphocytes were isolated by density gradient centrifugation using

Lympholyte-M (Cedarlane Labs) and incubated in the presence of 25 mg/L
Mitomycin C (Sigma) for 20 min followed by washing to remove excess

Mitomycin C.

T-cell activation using Ag or mitogen. To test either cell proliferation
or IL-2 production and nuclear factor activation, 1 3 109 DO11.10 CD41

T-cells/L were cultured in 200 mL medium in an U-bottomed 96-well

culture plate or in 2 mL medium in a flat-bottom 24-well culture plate. Cells

were cultured in 5% CO2 at 37�C for 72 h. For Ag-specific stimulation,
CD41 T-cells were cocultured with 2.5 3 109 APC/L in the presence of

0.1 mmol/L OVA (Biosource) in complete medium [RPMI 1640 medium

with 25 mmol/L HEPES (Irvine Scientific) supplemented with 5% heat-
inactivated fetal bovine serum (Invitrogen), 100 kU/L penicillin, 100 mg/L

streptomycin (Gibco), 2 mmol/L L-glutamine (Glutamax, Gibco), and

10 mmol/L 2-mercaptoethanol (Sigma)]. Plate-bound CD3-specific mono-

clonal antibody (mAb; 1 mg/L) and soluble CD28-specific mAb (5 mg/L,
BD Pharmingen) (anti-CD3/28 mAb) were used for mitogenic stimulation

using our previously published protocol (18).

Nuclear extraction and quantification of NF-kB, NFAT, and AP-1

activation. Following a 72-h stimulation period, CD41 T-cell nuclei

were pelleted and extracted using a Nuclear Extraction kit (Active

Motif). The levels of activated NF-kB, NFAT, and AP-1 were measured

using ELISA-based Trans AM NF-kB p65, NFATc1, and AP-1 c-Jun
Transcription Factor Assay kits (Active Motif), respectively, as previ-

ously described (18). Briefly, induction of NF-kB, NFAT, or AP-1 in the

nuclear extracts was quantified by nucleotide (5#-GGGACTTTCC-3#
for NF-kB, 5#-T/AGGAAA-3# for NFAT, or 5#-TGA(C/G)TCA-3# for

AP-1) binding using specific antibodies to NF-kBp65, NFATc1, or c-Jun

followed by secondary horseradish peroxidase-conjugated antibodies

and chromogenic substrate. A sensitive colorimetric readout was

TABLE 1 Experimental diet composition

Ingredients CO CO11% Cur CO10.02% Lim FO FO11% Cur FO10.02% Lim

g/100 g

Casein1 20.0 20.0 20.0 20.0 20.0 20.0

Sucrose 42.0 42.0 42.0 42.0 42.0 42.0

Corn starch 22.0 22.0 22.0 22.0 22.0 22.0

Cellulose 6.0 5.0 5.98 6.0 5.0 5.98

AIN-76 mineral mix2 3.5 3.5 3.5 3.5 3.5 3.5

AIN-76 vitamin mix 1.0 1.0 1.0 1.0 1.0 1.0

DL-Methionine 0.3 0.3 0.3 0.3 0.3 0.3

Choline chloride 0.2 0.2 0.2 0.2 0.2 0.2

CO3 5.0 5.0 5.0 1.0 1.0 1.0

FO4 — — — 4.0 4.0 4.0

Cur5 — 1.0 — — 1.0 —

Lim6 — — 0.02 — — 0.02

1 Ingredients were purchased from Bio-serv unless otherwise indicated.
2 AIN-76 mineral mix and vitamin mix formula were previously reported (29).
3 CO was supplied by Dyets, Inc.
4 Fish oil was supplied by Omega Protein, Inc.
5 Cur was supplied by Sabinsa, Co and Dr. Bharat B. Aggarwal at University of Texas M.D. Anderson Cancer Center.
6 Lim was purified by the Vegetable and Fruit Improvement Center, Texas A&M University.
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quantified by either chemiluminescence (NF-kB) or spectrophotometry

at 450 nm with a reference wavelength of 655 nm (NFAT and AP-1).

Competition experiments were performed by incubating selected
extracts with labeled probe in the presence of excess (20 pmol/L)

unlabeled wild-type NF-kB, NFAT, or AP-1 oligonucleotide. Phorbol-12-

myristate-13-acetate and calcium ionophore-stimulated Jurkat T-cell

extracts were used as a positive control, resulting in an 18-fold activation
of NF-kB compared with the negative control (Jurkat T-cell extract plus

NF-kB wild-type oligonucleotide competitor). Similarly, 4-fold (NFAT)

and 9-fold (AP-1) levels of activation were observed in the positive

controls (phytohemagglutinin-stimulated Jurkat T-cell nuclear extract
and phorbol-12-myristate-13-acetate–stimulated K-562 nuclear extract,

respectively) relative to the negative controls (Jurkat nuclear extract plus

NFAT wild-type oligonucleotide competitor and K-562 nuclear extract
plus AP-1 wild-type oligonucleotide competitor). Serial dilution of

control nuclear extract revealed a dose-dependent sensitivity of the

assays (Supplemental Fig. 1). The induction of nuclear factors was

expressed as fold of unstimulated control, which was derived by (OD of
stimulated cells O OD of unstimulated cells).

IL-2 quantification. Following a 72-h cell stimulation period, culture

media was harvested and stored at 280�C until analysis by Quantikine
mouse IL-2 ELISA kit (R&D Systems) as previously described (18). The

amount of IL-2 in the media was calculated using linear regression of

serially diluted standards provided in the kit.

Cell proliferation assay. For carboxyfluorescein succinimidyl ester

(CFSE) profile analysis, CD41 T-cells were pretreated with 5 mmol/L CFSE

(Molecular Probes) in PBS supplemented with 5% fetal bovine serum for
10 min (30). After 72 h of stimulation with Ag or mitogen, CFSE was

analyzed by flow cytometry (FACSCalibur, BD) as we have previously

reported (31). Briefly, cells were harvested by centrifugation (200 3 g; 10

min at room temperature) and resuspended in PBS. To determine viability,
propidium iodide (PI) (1 mg/L; Sigma) was added to each sample

immediately prior to analysis. CFSE fluorescence was detected using a

530/30 band pass filter and PI fluorescence through a 650LP filter. CFSE

fluorescence was sufficiently intense to be detected through a 650LP filter.
Viable cells were determined using a plot of CFSE compared with PI

fluorescence based on the fluorescence patterns of a sample with CFSE but

no PI. This gate also excluded most of the APC because of their higher level
of autofluorescence (data not shown). An additional lymphocyte gate was

set based on forward and side light-scattering properties. CFSE profiles

were analyzed by FlowJo (Tree Star). Data were expressed as difference of

percentage compared with CO control (D percentage) at each daughter cell
generation. For [3H]-thymidine incorporation, 148 kBq [3H]-thymidine/

well (New England Nuclear) was added to the cultures for the final 6 h.

Cells were harvested using a 96-well cell harvester (Packard Instrument)

and thymidine uptake was measured using liquid scintillation counting
(Beckman Coulter).

Statistics. The Proc GLM procedure (SAS 9.2 for Windows) was used to

determine the effect of dietary fat, phytochemical, and the interaction on

nuclear transcription factor activation, IL-2 production, and thymidine
uptake. These data are reported as least squares means 6 SEM with

differences detected using Fisher’s least significant difference. For full

model analysis, where interactions were examined, P , 0.1 was

considered significant. In the case of an interaction, differences among
individual values were tested using P , 0.1. In the absence of an

interaction, differences among main effects were considered different at

P , 0.05. To compare daughter cell percentage from CFSE staining

experiments at each generation to CO control, we used a Student’s t test
(SPSS 15.0 for Windows).

Results

Dietary Cur and Lim suppress NF-kB activation. With
respect to the physiological relevance of the diets used in this
study, FO (4%), Lim (0.02%), and Cur (1.0%) diets are within
the estimated range consumed by humans (31–34). Body weight
gains of mice were not affected by the experimental diets
following a 2-wk feeding period (data not shown).

To investigate the effect of Cur and Lim on nuclear tran-
scription factor activation, nuclei were extracted from CD41

T-cells following a 72-h stimulation period with OVA1APC or
mAb. Both Cur and Lim suppressed NF-kB activation in both
Ag- and mitogen-stimulated cells (P , 0.001) but did not affect
the dietary oil or the interaction of the phytochemical and the oil
(Table 2). These data indicate that FO did not influence NF-kB
activation, as opposed to Cur and Lim, which suppressed
activation (Table 2). Because the promoter region of the gene
encoding a key T-cell growth-promoting cytokine, IL-2, also
contains NFAT and AP-1 response elements (17), we measured
the effect of Cur and Lim on NFAT and AP-1 activation. The
results demonstrate that NFAT activation was affected by the
interaction of fat and phytochemicals (P ¼ 0.072, anti-CD3/28;
P ¼ 0.082, OVA1APC), although individual values did not
differ compared with the CO control diet (Table 2). AP-1
activation was not affected by dietary fat, phytochemicals, or
their interaction (Table 2).

Dietary Cur and Lim reduce IL-2 production. To link
suppression of NF-kB to T-cell function, we measured IL-2
secretion into the culture medium. IL-2 production was not altered
by the experimental diets in mitogen-stimulated cultures (Table 3).
In contrast, in response to antigenic OVA1APC stimulation, IL-2

TABLE 2 Activation of nuclear factors in CD41 T-cells from mice fed FO or CO diets with or without phytochemicals for 2 wk1

CO FO

Main effects
(P-values) Interaction of

variables
(P-values)

Nuclear
factor Stimulation Control Cur Lim Control Cur Lim Fat

Phyto
chemical

Fold of unstimulated control

NF-kB2 Anti-CD3/28 146.19 6 22.19a 9.43 6 22.19b 17.56 6 23.97b 111.23 6 23.97a 17.78 6 22.19b 17.29 6 23.97b 0.638 ,0.001 0.610

OVA1APC 183.58 6 35.63a 12.63 6 35.63b 19.11 6 35.63b 138.85 6 35.63a 23.82 6 35.63b 18.70 6 35.63b 0.700 ,0.001 0.712

NFAT3 Anti-CD3/28 45.28 6 9.27cd 25.17 6 8.46d 33.27 6 9.23cd 30.49 6 10.36d 54.07 6 8.46c 37.49 6 8.46cd 0.417 0.882 0.072

OVA1APC 34.83 6 8.95cd 14.92 6 8.17cd 22.46 6 8.17d 24.00 6 8.95cd 40.18 6 7.56c 18.71 6 8.17d 0.605 0.545 0.082

AP-1 Anti-CD3/28 100.02 6 47.23 101.09 6 47.23 131.34 6 47.23 238.57 6 55.93 57.58 6 47.23 140.00 6 47.23 0.337 0.203 0.196

OVA1APC 21.12 6 19.48 23.60 6 19.48 39.70 6 19.48 94.09 6 19.48 61.50 6 18.23 31.51 6 19.48 0.064 0.444 0.126

1 Values are means 6 SEM, n ¼ 5–7.
2 For a significant main effect, labeled means in a row with a,b superscripts without a common letter differ, P , 0.05.
3 For a significant interaction, labeled means in a row with c,d superscripts without a common letter differ, P , 0.1.
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production was suppressed (P , 0.05) by Cur (29.4% of control)
and Lim (31.7%) supplementation only in the presence of CO,
whereas there was an interaction between fat source and phyto-
chemical. However, Cur and Lim supplementation with FO did
not further suppress IL-2 secretion (Table 3).

Dietary Cur and Lim suppress CD41 cell proliferation. To
investigate the effect of suppressed NF-kB activation and IL-2 on
CD41 T-cell function, cell proliferation was measured using 2
independent methods. Analysis of CFSE profiles (Supplemental
Fig. 2) indicated that CD41 T-cell division was suppressed (P ,

0.05) by dietary Cur and Lim addition to CO. Specifically,
compared with the CO control diet group, Cur-fed animals had
more cells following anti-CD3/28 mAb stimulation at genera-
tions 1, 2, and 3 (D percentage ¼ 2.83, 2.89, and 6.45, respec-
tively; P , 0.05) and fewer cells at generation 5 (D percentage ¼
27.69; P , 0.05; Fig. 1A). Similarly, Cur supplementation with
FO (Fig. 1D) reduced the percentage of cells at generations 4 and
5 (D percentage ¼ 29.58 and 24.02, respectively; P , 0.05). In
contrast, Lim supplementation did not alter the proliferation of
CD41 T-cells (Fig. 1B) and the FO diet had little effect, except in
generation 1 (D percentage ¼ 2.65; P , 0.05; Fig. 1C). Of
interest, the Lim and FO combination (Fig. 1E) exhibited a
synergistic suppressive effect on CD41 T-cell proliferation with
more cells in generations 1 and 2 (D percentage¼ 2.88 and 2.61,
respectively; P , 0.05). Similarly, following stimulation with

OVA1APC, Cur supplementation to the CO diet (Fig. 2A)
resulted in a greater number of cells at generations 3 and 4 (D
percentage ¼ 5.46 and 5.40, respectively; P , 0.05), whereas
fewer cells were observed at generations 5 and 6 (D percentage¼
25.71 and 24.94, respectively; P , 0.05). Cur1FO treatment
increased the percentage of cells at generation 1 (D percentage ¼
3.79; P ¼ 0.059), with fewer cells at generations 4 and 5 (D
percentage ¼ 27.67 and 28.31, respectively; P , 0.05, Fig.
2D). However, neither Lim nor FO supplementation altered Ag-
specific CD41 T-cell proliferation (Fig. 2B,C,E).

In parallel experiments, cell proliferation was quantified by
uptake of [3H]-thymidine (Table 4). In contrast to CFSE analyses,
thymidine uptake in response to mitogenic anti-CD3/28 mAb was
not affected by dietary fat, phytochemicals, or their interaction.
However, Ag-specific OVA1APC-induced [3H]-thymidine uptake
was suppressed (P , 0.001) by Cur supplementation.

Discussion

To investigate the antiinflammatory properties of dietary Cur
and Lim, we assessed NF-kB activity in mitogen (anti-CD3/28
mAb) or Ag (OVA1APC) stimulated murine CD41 T-cells. NF-
kB p65 nuclear translocation was suppressed by both dietary
Cur and Lim. Because NFAT and AP-1 nuclear factors regulate
not only IL-2 gene expression but also T-cell proliferation/
function (17,35–37), NFATc1 and AP-1 c-Jun nuclear activation

FIGURE 1 Suppression of CD41 T-cell division in mitogen-stimulated cultures by feeding mice with FO diets with or without phytochemicals

as assessed by CFSE analysis. Data are presented as the difference of percentage (D percentage, y-axis) of cells in each daughter generation

(x-axis) compared with the CO control diet group, *P , 0.05. Values are means, n ¼ 10–12 (duplicate cultures per mouse).

TABLE 3 IL-2 production by CD41 T-cells from mice fed FO or CO diets with or without phytochemicals for 2 wk 1

CO FO

Main effects
(P-values) Interaction of

variables
(P-values)Stimulation Control Cur Lim Control Cur Lim Fat

Phyto
chemical

mg/L

Anti-CD3/28 66.93 6 7.69 70.77 6 7.69 67.03 6 7.02 80.83 6 8.59 59.09 6 7.69 58.04 6 7.02 0.720 0.324 0.227

mg/L

OVA1APC2 845.60 6 148.81a 248.73 6 148.81b 268.24 6 135.84b 250.45 6 135.84b 362.38 6 148.81b 239.26 6 166.37b 0.179 0.127 0.056

1 Values are means 6 SEM, n ¼ 6–7.
2 For a significant interaction, labeled means in a row with a,b superscripts without a common letter differ, P , 0.1.
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were measured. Of interest, dietary combination of either Cur
and Lim with CO or FO diets did not suppress NFATc1 and
c-Jun activation in response to either mitogen or Ag. The
selective suppression of NF-kB by dietary Cur and Lim can be
explained in part by the mechanism of protein activation. In a
resting state, NF-kB family proteins, i.e. c-Rel, p50 (NF-kB1),
p52 (NF-kB2), p65 (RelA), and RelB, form homo- or hetero-
dimers that are bound to the inhibitor of NF-kB (IkB). Once
T-cells are activated, IkB is phosphorylated by IkB kinases (IKK)
and detaches from the NF-kB dimer. Phospho-IkB is degraded by
the proteasomal pathway in an ubiquitin-dependent manner
(38). The NF-kB dimer migrates into the nucleus to bind to the
response element of target genes including IL-2. In contrast,
NFAT activation requires direct dephosphorylation of the
nuclear factor by calcineurin (17) and AP-1 c-Jun is upregulated
by phosphorylation and formation of a heterodimer with newly
synthesized c-Fos. This is noteworthy, because Milacic et al. (39)
recently reported that Cur directly binds to and inhibits
proteasomes, resulting in suppressed dissociation of IkB from
NF-kB and therefore NF-kB suppression in a human colon
cancer cell line. In addition, Aggarwal et al. (34) demonstrated
that Cur also inhibits IKK activity. With respect to dietary FO,
our laboratory previously reported that DHA, a major active
fatty acid in FO, suppresses PKCu, which also has IKK activity.
Hence, we hypothesized that FO, Cur, and Lim affect different
molecular targets; FO alters proximal signaling, whereas the
phytochemicals antagonize NF-kB. To test this hypothesis, FO
was combined with either Cur or Lim.

We further examined the consequence of the suppression of
NF-kB p65 by Cur and Lim with respect to T-cell function. IL-2
production was suppressed in Ag-stimulated cultures, whereas
mitogen-stimulated cells produced the same amounts of IL-2
across the dietary treatments. The function of NF-kB subunits in
T-cell activation has been well studied (35). Liou et al. (40)
reported that c-Rel is required for lymphocyte proliferation. Rao
et al. (41) observed that IL-2 gene transcription in CD41 T-cells
is dependent on c-Rel, but not p65. In contrast, Lederer et al.
reported that the p65-p50 heterodimer accounts for the NF-kB-
mediated IL-2 upregulation (42). IL-2 secretion data from this
study suggest that NF-kB p65 does not directly regulate IL-2
production in CD41 T-cells. In addition to transcriptional
regulation of IL-2, mRNA degradation in activated T-cells was
also reported (43). These previous findings suggest further
studies are required to elucidate the mechanism by which diet
influences IL-2 production and NF-kB inhibition.

The functional result of dietary modulation was assessed by
examining CD41 T-cell proliferation using 2 different methods.
Purified CD41 T-cells were labeled by CFSE and stimulated for
72 h. Cells were analyzed by either flow cytometry or [3H]-
thymidine incorporation. CFSE analysis has been shown to be
more sensitive than the [3H]-thymidine assay to quantify cell
division (44–46). Thymidine incorporation analysis demon-
strated that T-cell proliferation was significantly suppressed by
Cur supplementation when T-cells were stimulated by OVA-
1APC. Interestingly, T-cell proliferation induced by mitogenic
stimulation was not affected by dietary intervention. In contrast,

TABLE 4 Proliferation of CD41 T-cells from mice fed CO or FO diets with or without phytochemicals as assessed by
thymidine incorporation1

CO FO
Main effects (P-values) Interaction of

variables
(P-values)Stimulation Control Cur Lim Control Cur Lim Fat

Phyto
chemical

kBq

Anti-CD3/28 1.53 6 0.21 1.27 6 0.21 1.83 6 0.21 1.89 6 0.21 1.47 6 0.19 1.42 6 0.19 0.758 0.219 0.149

OVA1APC 1.70 6 0.15a 1.17 6 0.15b 1.49 6 0.15ab 1.69 6 0.15a 0.94 6 0.13b 1.56 6 0.13a 0.633 ,0.001 0.595

1 Values are means 6 SEM, n ¼ 10–12 (duplicate cultures per mouse). Labeled means in a row with a, b superscripts without a common letter differ, P , 0.05.

FIGURE 2 Suppression of CD41 T-cell division in Ag-stimulated cultures by feeding mice with FO diets with or without phytochemicals as

assessed by CFSE analysis. Data are presented as the difference of percentage (D percentage, y-axis) of cells in each daughter generation (x-axis)

compared with the CO control diet group, *P , 0.05. Values are means, n ¼ 10–12 (duplicate cultures per mouse).
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CFSE data revealed that dietary Cur supplementation to CO and
FO diets suppressed T-cell proliferation following both mito-
genic and antigenic stimulation compared with the CO control
diet. To our knowledge, this is the first study to investigate the
antiinflammatory effects of FO supplementation with either Cur
or Lim on CD41 T-cells.

We next tested the hypothesis that dietary ‘‘combination
therapy’’ with Cur and Lim supplementation to FO enhanced the
suppression of CD41 T-cell function. Interestingly, the FO
diet alone (4% FO11% CO) did not suppress NF-kB activation.
In contrast, our laboratory previously demonstrated that dietary
FO, as well as purified DHA, suppressed NF-kB nuclear
translocation in part by affecting fatty acid composition of the
plasma membrane including lipid rafts (18). These disparate
outcomes may be explained by the different mouse strain and
stimuli used in the 2 studies. In addition, the use of homologous
mouse serum during the long-term, 72-h culture in the previous
study may have augmented the lipid effect by maintaining an
(n-3) PUFA-enriched membrane microenvironment (18).

The FO diet suppressed IL-2 secretion, which was not further
reduced by Cur or Lim supplementation. We further investigated
the combination effect on T-cell proliferation. In accordance
with the NF-kB data, CD41 T-cell proliferation was modestly
affected in the FO control diet. This is likely explained in part by
the loss of (n-3) PUFA from the plasma membrane in a long-term
culture (47,48). Lim supplementation to the CO control diet did
not suppress T-cell proliferation either. Of interest, FO1Lim
supplementation significantly suppressed T-cell proliferation in
anti-CD3/28–stimulated cultures. Taken together, these data
suggest that (n-3) PUFA indirectly affect NF-kB activation by
altering membrane composition, but Cur and Lim directly
suppress NF-kB translocation. The combination diets were
shown to augment the antiinflammatory effects.

In summary, the antiinflammatory effects of dietary Cur and
Lim on CD41 T-cell proliferation are attributed in part to the
suppression of NF-kB. Interestingly, there was no obvious
association between NF-kB status and IL-2 secretion. We further
show that the combination of FO and Cur or Lim elicits a
maximal suppressive effect with respect to CD41 T-cell activation.
Further studies are required to elucidate the relationship of dietary
dose of active components with respect to mechanism of action.
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