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Abstract

Purpose To study the effect of diet supplementation with

polyphenols on several functions suffering age-related

changes, in peritoneal leucocytes from mature and old mice.

Methods Five groups of female ICR mice were used.

Four groups received a supplementation (20% wt/wt) of

biscuits with different cereal fractions naturally rich in

polyphenols (named CO49, CO50, CO52, CO53), con-

taining different amounts of catechin, p-hydroxybenzoic

acid, vanillic acid, p-coumaric acid, sinapic acid, ferulic

acid, rutin and oryzanol. The control group received only

standard maintenance diet. Peritoneal suspensions were

obtained after 15 and 30 weeks of diet supplementation,

when the age of the animals was 49 ± 2 (mature mice) and

64 ± 2 weeks (old mice), respectively. The functions

analysed were: chemotaxis of macrophages and lympho-

cytes, phagocytosis of particles by macrophages, intracel-

lular superoxide anion levels, lymphoproliferative response

to mitogens (concanavalin A and lipopolysaccharide),

interleukin-2 secretion and natural killer (NK) activity, as

functions that decrease with age, and adherence of mac-

rophages and lymphocytes and tumour necrosis factor-a
secretion as functions with age-related increase.

Results The supplementation, in general, increased the

functions that decrease with age and decreased those that

increase with age. There were differences in the effects

shown by the four kinds of biscuits depending on the function

studied and the number of weeks of supplementation.

Conclusion Since the immune system has been proposed

as a good marker of health and predictor of longevity, diet

supplementation with cereals naturally rich in polyphenols

could be an important way for health preservation with age

and reaching high longevity.

Keywords Leucocyte functions � Polyphenols � Ageing �
Mice

Introduction

The immune system, like other physiological systems,

suffers age-related changes, which are denominated

immunosenescence, with the most pronounced alterations

being found in T lymphocytes, although other immune

cells such as natural killer (NK) cells, macrophages and B

lymphocytes also suffer important changes in their func-

tions with ageing [1, 2]. The main causes of the ageing

process seem to be related to oxygen free radicals that

injure different biomolecules because of their high reac-

tivity [3, 4]. Moreover, immune cells are especially

involved in free radical generation in order to carry out

their function, but these free radicals can produce oxidative

damage in the immune cells and in the organism if they

surpass their antioxidant defence capacity. Thus, an oxi-

dant-antioxidant balance is needed to maintain a correct

immune function and the unbalance with more oxidant than

antioxidant defences, i.e., the oxidative stress, as occurs in

ageing, is the basis of immunosenescence [2, 5]. In addi-

tion, it is also known that the immune cell function is a

health biomarker and longevity predictor [2, 6, 7].

Recently, it has been suggested that the immune cells can
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be involved in the age-related oxi-inflamm-ageing situation

of the organism, increasing, if these cells suffer a pre-

mature immunosenescence, the rate of ageing of the indi-

vidual [2]. Thus, the ingestion of diets rich in antioxidant

compounds has been proposed as a strategy to slow down

the immunosenescence and consequently the rate of ageing

[2, 8]. Although there is a great deal of information on the

effects of antioxidant compounds on the immune function

[2, 8, 9], there are several controversial results with respect

to positive effects of antioxidant supplementations, which

are mainly due to the type of antioxidants, the time of

supplementation and especially the doses used and the age

of the subjects [2, 8–11].

Polyphenols are the most abundant antioxidants in our diet,

but there are few studies on the effects of foods naturally rich

in phenolic compounds, such as those present in cereals, on the

immune functions, and these effects are unknown in the aged

subjects. Polyphenols, both flavonoids and phenolic acids,

show free radical scavenging activities [12–14], but also have

other important biological effects including immunomodu-

latory, antibacterial, antigenotoxic and anti-inflammatory

activities [14–20]. Moreover, dietary polyphenol intake seems

to prevent different diseases such as degenerative and car-

diovascular diseases as well as their risk factors [20–24].

Although there are several studies on the effect of polyphenol

compounds on the immune function, which show positive

effects on immune cell activities [25–27], research on the

physiological effects of diets providing nutritional doses of

polyphenols as components of regular foods is still scarce [28,

29]. In a previous study, we showed an improvement of

function and redox parameters in leucocytes from adult mice

after receiving a diet supplementation for 5 weeks with pol-

yphenol-rich cereals [30]. Although this supplementation also

improved immune functions in adult but prematurely ageing

mice [31], the effects on aged animals and with a long period

of supplementation have not been studied. Thus, the main aim

of the present work was to evaluate whether, in mature and old

mice, a long-term exposure to diet supplementation during 15

and 30 weeks with biscuits (made with natural fractions of

different cereals in order to increase the diversity and quantity

of polyphenols naturally present in them but in physiological

doses) affects several immune functions, which have been

demonstrated by us and other authors to suffer age-related

changes and be possible biomarkers of longevity [1, 2, 6, 32,

33].

Materials and methods

Animals and maintenance

Female ICR (CD-1) mice (Mus musculus) (Harlan Ibérica,

Barcelona, Spain), 32 ± 2 weeks old were used. The mice

were specific pathogen-free, as tested by Harlan according

to FELASA recommendations, and did not show any sign

of malignancy or other pathological processes. Fifty ani-

mals were randomly divided into five groups and main-

tained for 2 weeks for their adaptation to their new

location. After this time, four of these groups received a

diet with natural polyphenol-rich biscuits and one received

standard diet (control group). The animals were housed in

polyurethane boxes (ten mice/box), at a constant temper-

ature (22 ± 2 �C), in sterile conditions inside an aseptic air

negative-pressure environmental cabinet (Flufrance,

Cachan, France), on a 12/12 h reversed light/dark cycle.

All mice were treated according to the guidelines of the

European Community Council Directives 86/6091 EEC.

The study was approved by the Ethical Committee on

Animal Research of the Complutense University of Madrid

(Spain).

Experimental groups

The control group received a 100% standard maintenance

diet (AO4 diet from Panlab L.S. Barcelona, Spain),

which does not contain polyphenols and water ad libitum.

The diet was in accordance with the recommendations of

the American Institute of Nutrition for laboratory ani-

mals. The four treated groups received 80% of control

diet plus 20% of biscuits elaborated by Danone Vitapole

(France) with cereal fractions naturally rich in polyphe-

nols namely CO49, CO50, CO52, CO53 (composition

reference included in Table 1). These naturally polyphe-

nol-rich diets were kept in darkness at 4 �C for less than

3 weeks in order to prevent oxidation. Peritoneal sus-

pensions were obtained to evaluate different immune

parameters after 15 and 30 weeks of diet supplementation

when the age of the animals was 49 ± 2 (mature mice)

and 64 ± 2 weeks (old mice), respectively. Animals were

the same in both periods of supplementation (they were

supplemented for 15 weeks, and after collection of peri-

toneal suspensions the supplementation was maintained

15 weeks more).

Collection of peritoneal leucocytes

Peritoneal cellular suspensions were obtained between 8:00

and 10:00 h, without killing of the animals (mice were

selected at random). The abdomen was cleansed with 70%

ethanol, and 3 ml of sterile Hank0s was injected intraperi-

toneally. After massaging the abdomen, 80% of the injec-

ted volume was recovered. Then, macrophage and

lymphocyte functions were evaluated, with the macro-

phages being identified by their morphology and non-spe-

cific esterase staining, adjusted to 5.105 macrophages/ml

and 1.106 lymphocytes/ml. Cellular viability, determined in
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each experiment using the trypan-blue exclusion test, was

in all cases higher than 95%.

Assay of macrophage functions

The different steps of the phagocytic process, namely

adherence, chemotaxis, phagocytosis and digestion

(through the measure of superoxide anion levels) were

evaluated.

Adherence capacity assay was performed following a

method previously described [10]. Aliquots of 200 ll from

the adjusted peritoneal suspension were placed in Eppen-

dorf tubes and incubated 10 min at 37 �C. Adherence index

(AI) was calculated according to the following expression:

AI = (1-macrophage/ml supernatant after 10 min of

incubation/macrophages/ml initial sample (time 0)) 9 100.

Chemotaxis assay was performed according to a modi-

fication of the original technique described by Boyden [10],

which consists in the use of chambers with two compart-

ments separated by a filter with a pore diameter of 3 lm

(Millipore, Bedford, MA). Aliquots of 300 ll of the

adjusted peritoneal suspension were deposited in the upper

compartment, and FMLP (formyl-met-leu-phe) at 10-8 M

(Sigma, St. Louis, MO) was placed in the lower compart-

ment as chemoattractant agent. Chambers were incubated

3 h at 37 �C and 5% CO2 and then the filters were fixed

and stained. Chemotaxis index was determined by counting

the total number of macrophages or lymphocytes on one-

third of the lower face of the filters, corresponding to four

scans of 5 mm, using an optical microscope (9100

magnification).

Phagocytosis of inert particles (latex beads 1.09 lm

diluted to 1% in PBS; Sigma St Louis, MO) was carried

out following the method previously described [10]. Ali-

quots of 200 ll of the peritoneal suspension were placed

in MIF (migratory inhibitory factor) plates for 30 min.

The adherence monolayer was washed with PBS at 37 �C

and then, this monolayer was resuspended in 200 ll

of Hank0s solution and incubated with 20 ll of latex.

After 30 min of incubation, the plates were washed with

PBS, fixed and stained, and the number of latex beads

ingested by 100 macrophages was determined by optical

microscopy.

Superoxide anion levels were evaluated following the

method described by De la Fuente et al. [10], based on

the nitroblue tetrazolium (NBT) reduction test in an

equimolecular reaction with superoxide anion. Briefly,

aliquots of 250 ll of peritoneal suspension were mixed

with 250 ll of NBT solution (1 mg/ml; Sigma St Louis,

MO). Aliquots of 50 ll of latex beads were added to the

stimulated samples and 50 ll of Hank0s to the non-

stimulated samples. After 60 min of incubation at 37 �C,

the reaction was stopped and, following centrifugation,T
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the supernatants were discarded and the reduced NBT

was extracted with dioxin (Sigma St Louis, MO).

Supernatant absorbances were measured at 525 nm. The

data obtained were expressed as nmol of NBT reduced

per 106 macrophages by extrapolating from a standard

curve of NBT reduced with 1,4-dithioerythritol (Sigma

St Louis, MO).

Assay of lymphocyte functions

Adherence and chemotaxis assay of lymphocytes was

performed as previously described for macrophages [10].

Proliferation of lymphocytes was quantified in total

peritoneal cellular suspensions adjusted to a final concen-

tration of 5.105 leucocytes/ml in complete medium (RPMI-

1640; PAA, Austria, plus 10% foetal calf serum, Life

Technologies; plus 1% gentamicin, PAA, Austria), fol-

lowing a method previously described [32]. Aliquots of

200 ll were dispensed in 96-well flat-bottomed plates

(Nunc, Roskilde Denmark), and 20 ll of concanavalin A

(ConA 1 lg/ml) or lipopolysaccharide (LPS, E. coli,

055:B5 1 lg/ml; Sigma, St Louis, MO) was added. After

48 h of incubation, Con A and LPS-stimulated culture

supernatants were collected to measure the levels of

interleukin-2 (IL-2) and TNF-a, respectively. Then, 0.5 l
Ci of 3H-thymidine were added and after 8 h cells were

harvested and the thymidine uptake was measured in a beta

counter. The results were expressed as percentage of

stimulation, 100% being the cpm thymidine uptake at basal

condition.

IL-2 and TNF-a levels in the supernatants of leucocyte

cultures, after 48 h of incubation with Con A and LPS,

respectively, were measured by ELISA kits (R&D Sys-

tem, Minneapolis, USA) and the results expressed as

pg/ml.

Natural killer (NK) activity was evaluated using an

enzymatic colorimetric assay for cytolytic measurements

of target cells (Cytotox 96 TM Promega, Madison, WI,

USA) based on the determination of lactate dehydrogenase

(LDH) activity using a tetrazolium salt [32]. Cells YAC-1

from a murine lymphoma were used as targets and peri-

toneal leucocytes as effector cells (with an effector/target

rate 10:1) in the NK assay. After 4 h of incubation, LDH

activity was measured in the supernatants by addition of

the enzyme substrate at absorbance of 490 nm. To deter-

mine the percentage of lysis of target cells, the following

equation was used: % lysis = (E-ES-TS/M-ES-TS) 9

100, being E the mean of absorbances in the presence of

effector cells; ES the mean of absorbances of effector

cells incubated alone; TS the mean of absorbances in target

cells incubated with medium alone and M the mean of

maximum absorbances after incubating target cells with

lysis solution.

Statistical analysis

The data were expressed as the mean ± SD of the values.

The normality of the samples was tested by the Kol-

mogorov–Smirnov test. The data were statistically evalu-

ated by the two-way analysis of variance (ANOVA) and

Tukey t test for comparisons of parametric samples.

p \ 0.05 was taken as the minimum significance level.

Results

The results concerning the several functions studied in

macrophages (that represent different steps of the phago-

cytic process) are indicated in Table 2 and Fig. 1. The

adherence capacity, the first step of the phagocytic process

(Table 2), increases significantly with animal age (as

already mentioned above, the mice after 15 weeks of

treatment are mature and after 30 weeks are old; p \ 0.05

comparing cells from mature mice with those of the aged).

All biscuit treatments resulted in significantly diminished

values of the adherence indices with respect to those of the

controls in both periods of supplementation, showing dur-

ing the last period (30 weeks) the most effective decrease

(p \ 0.001) for all biscuits. Following adherence, the

macrophages migrate to the infection focus. After diet

supplementation, only the CO50 and CO53 biscuits caused

an increase in this immune parameter at 30 weeks

(p \ 0.05 and p \ 0.001, respectively). Regarding phago-

cytosis capacity, the phagocytosis indices (Fig. 1) show a

decrease in old mice (p \ 0.001) when compared to mature

animals. After 15 weeks of supplementation, the CO49

(p \ 0.001), CO52 (p \ 0.001) and CO53 (p \ 0.01) bis-

cuits significantly increased phagocytosis. After 30 weeks,

CO50 significantly decreased the phagocytosis index

(p \ 0.05). As regards to superoxide anion levels, the first

free radical that macrophages produce by digestion of the

ingested material, it could be observed, in control samples,

a diminution of superoxide levels in basal as well as

stimulated samples (p \ 0.001) in old animals with respect

to mature mice. After 30 weeks of supplementation with

CO52 biscuit, the levels of superoxide anion were

increased in stimulated samples (p \ 0.001).

With respect to the effects of the different treatments on

lymphocytes, Fig. 2 shows the results obtained for adher-

ence and chemotaxis. As regards to adherence (Fig. 2a), no

significant differences were found at the control level

between cells from mature and old animals. All the biscuits

were able to decrease lymphocyte adherence indices in

both periods of supplementation (p \ 0.001 in all cases

with exception of CO49 and CO53, which showed the

lowest (p \ 0.05) after 30-week treatments). Regarding

chemotaxis (Fig. 2b), a decrease in this immune parameter
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with age in control samples was observed (p \ 0.05). The

supplementation with CO49, CO50 and CO53 biscuits

increased the chemotaxis indices of lymphocytes

(p \ 0.05, 0.001 and 0.01, respectively) after 15 weeks.

The same stimulatory effects was observed at 30 weeks,

with all biscuits causing an increase in lymphocyte

mobility, CO49, CO50 and CO53 showing the highest

index values (p \ 0.001) and CO52 the lowest (p \ 0.05).

Figure 3 represents proliferation percentages in response

to concanavalin A (Con A) and lipopolysaccharide (LPS).

A significant decrease (p \ 0.001) in proliferation at con-

trol levels can be observed in cells from old animals with

respect to those from mature mice, in response to both

Con A and LPS. The biscuits studied are able to increase

lymphocyte proliferation in response to Con A (Fig. 3a)

after 15 weeks of treatment. However, this stimulatory

effect can only be observed with CO52 (p \ 0.01) and

CO53 (p \ 0.001) biscuits after 30 weeks of treatment.

The percentages of proliferation in response to LPS

(Fig. 3b) are increased with CO50 and CO52 biscuits at

15 weeks (p \ 0.01 and 0.001, respectively). After

30 weeks of supplementation, all treatments, except CO49,

increase proliferation (p \ 0.001 for CO50 and CO53, and

p \ 0.01 for CO52) in response to LPS.

With regards to natural killer activity, represented as

lysis percentage of tumour cells, and interleukin-2 (IL-2)

Table 2 Adherence indices, chemotaxis indices and superoxide anion levels (basal and stimulated levels) of peritoneal macrophages from mice

after 15 (mature animals) and 30 (old animals) weeks of the different diet supplementations

Adherence indices Chemotaxis indices Superoxide anion

(Basal levels)

Superoxide anion

(Stimulated levels)

15 weeks of diet supplementation (mature mice)

Control 45 ± 8 196 ± 50 43 ± 6 64 ± 9

CO49 33 ± 3a 246 ± 45 34 ± 7 72 ± 13

CO50 34 ± 5a 249 ± 51 34 ± 9 51 ± 11

CO52 33 ± 6a 193 ± 36 35 ± 7 64 ± 14

CO53 34 ± 5a 218 ± 41 40 ± 7 72 ± 10

30 weeks of diet supplementation (old mice)

Control 57 ± 8b 139 ± 26 21 ± 4bbb 34 ± 6bbb

CO49 39 ± 8aaa 186 ± 26 14 ± 3 45 ± 8

CO50 30 ± 6aaa 209 ± 42a 17 ± 4 31 ± 7

CO52 33 ± 9aaa 110 ± 26 27 ± 8 56 ± 13aaa

CO53 36 ± 8aaa 237 ± 63aaa 25 ± 7 47 ± 7

The results are the mean ± SD of eight values corresponding to the same number of mice, each value being the mean of duplicated assays.
a p \ 0.05, aaa p \ 0.001 compared to the control of each period of supplementation. b p \ 0.05, bbb p \ 0.001 with respect to the corresponding

value in 15-week supplementation group
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levels, the results are shown in Table 3. No significant

differences with age were observed on natural killer

activity between control samples. After 15 weeks, CO50

and CO52 increase lysis percentages (p \ 0.01), as well as

CO53 (p \ 0.001). All treatments significantly increased

natural killer activity after a 30-week period (CO49, CO52

and CO53 p \ 0.001; and CO50 p \ 0.05). As regards the

IL-2 levels, a decrease with age in control samples was

observed (p \ 0.05). The supplementation with CO49

(p \ 0.01), CO50 (p \ 0.001) and CO53 (p \ 0.01)

increased IL-2 levels after 15 weeks, and no significant

effects were observed after 30 weeks.

Besides, alpha-tumour necrosis factor levels (TNF-a)

were measured. In reference to control samples, increased

levels of this cytokine (p \ 0.05) were shown in old mice

(246 ± 28 pg/ml), in comparison with mature animals

(202 ± 36 pg/ml). No effects on TNF-a levels were

observed with the different treatments after 15 weeks,

whereas after 30 weeks of supplementation with CO52 a

significant decrease in TNF-a levels (191 ± 36, p \ 0.05)

was shown.

Discussion

In the present work, we have shown the favourable effects

of long-term intake (15 and 30 weeks) of different biscuits

containing nutritional concentrations of various combina-

tions of cereal fractions naturally rich in polyphenols

improving several relevant function parameters in immune

cells from mature and old mice, which suffer age-related

changes. The differences observed at control level between

both ages in immune parameters are similar to those shown

by several authors to occur with ageing [1, 2, 32–34]. Thus,

the immune cells from the mice used in the present study

show, in general, the previously observed age-related

changes.

The adherence, the first step in the immune response of

immune cells increases with age in macrophages. Adher-

ence is a process related to oxidative stress, which implies

an increased expression of adhesion molecules and other

oxidant and inflammatory factors [34], and since ageing is

associated with high levels of free radicals, an increase

with ageing of the adherence function has been observed

[2, 34]. An adequate adherence is needed for cell migration

towards inflammatory foci, but an excessive adherence

could represent a drawback for the cells to reach the

infectious focus. Treatments were able to decrease the

adherence indices of macrophages and lymphocytes after

both periods of supplementation. Polyphenols, through

their antioxidant role could reduce oxidative stress and the

expression of adhesion molecules. In general, the described

effects of polyphenols have demonstrated a clear inhibitory

action on adhesion. Thus, certain types of polyphenols such

as ferulic acid [35] and catechins [36] may decrease the

expression of adhesion molecules by endothelial cells, and

also may reduce monocyte adhesion. Moreover, epigallo-

catechin gallate (EGCG), one of the main phenolic com-

ponents of green tea, inhibits adhesion of human

neutrophils [37] and of the human monocyte cell line [38].

These two kinds of polyphenols, and especially the ferulic

acid, present in all the biscuits studied, could be respon-

sible of the decrease in the adherence of leucocytes found

after supplementation.

With ageing, a decreased chemotaxis in macrophages

and lymphocytes has also been previously described [2,

34]. The different biscuits did not show any differences

after 15 weeks of supplementation with respect to macro-

phage control values of this immune parameter. Never-

theless, after the longest period of polyphenol-rich biscuit

supplementation (30 weeks), CO50 and CO53 biscuits

were able to increase macrophage chemotaxis. With

respect to lymphocytes, in general, it can be observed an

enhancement of chemotaxis in both periods of supple-

mentation. There are few studies on the effect of poly-

phenols on cell migration or chemotaxis to sites of

inflammation. Similar results to those shown in the present

work have been found with several polyphenols, which

enhance both f-MetLeuPhe directed and random migration

of murine neutrophils in vitro [39]. However, other

research shows controversial results. Thus, after in vitro

and in vivo supplementation with the polyphenol rutin, an

Table 3 Natural killer activity and interleukin 2 levels of peritoneal

leucocytes from mice after 15 (mature animals) and 30 (old animals)

weeks of the different diet supplementations

Natural killer

activity (% lysis)

Interleukin-2

levels (pg/ml)

15 weeks of supplementation (mature mice)

Control 26 ± 5 243 ± 24

CO49 33 ± 6 341 ± 53aa

CO50 37 ± 5aa 380 ± 65aaa

CO52 36 ± 5aa 314 ± 83

CO53 45 ± 7aaa 341 ± 48aa

30 weeks of supplementation (old mice)

Control 23 ± 2 159 ± 30b

CO49 35 ± 5aaa 226 ± 38

CO50 32 ± 3a 182 ± 42

CO52 37 ± 8aaa 235 ± 55

CO53 39 ± 6aaa 239 ± 39

The results are the mean ± SD of eight values corresponding to the

same number of animals, each value being the mean of duplicated

assays. a p \ 0.05, aa p \ 0.01, aaa p \ 0.001 compared to the control

of each period of supplementation. b p \ 0.05 with respect to the

corresponding value in 15-week supplementation group
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inhibition of chemotaxis of rat neutrophils has been

reported [40]. Nevertheless, in prematurely ageing mice,

the supplementation for 5 weeks with a cereal rich in rutin

increased the peritoneal macrophage chemotaxis [31].

Moreover, in adult mice a diet supplementation for that

time with different polyphenol-rich cereals improves che-

motaxis of peritoneal lymphocytes and macrophages [30].

The phagocytosis activity, that is the main macrophage

function, decreases in old mice at control levels when

compared to the values of mature animals, in agreement

with previous results [2, 34]. In general, the different

treatments increased this function after 15 weeks of treat-

ment. The effects shown by biscuits change depending on

the period studied. Thus, CO50 did not exert any effect

after 15 weeks but inhibited significantly phagocytosis

after 30 weeks. Besides, the stimulatory effect exerted by

CO49, CO52 and CO53 after 15 weeks, disappears after

30 weeks of polyphenol-biscuits intake. It is possible that

the different amounts and composition of polyphenols

present in the different biscuits may be responsible for

these effects. It has been demonstrated that a synthetic

lipophilic derivate, 3-palmitoyl-(?)-catechin, enhances the

phagocytic activity of guinea pig kupffer cells in vivo

according to Piazza et al. [41]. Therefore, the presence of

catechin in CO49 and CO52 biscuits could explain their

enhancement of phagocytosis after 15 and 30 weeks of

supplementation. In a previous study, diet supplementation

for 5 weeks with polyphenol-rich cereals increased the

phagocytic capacity of peritoneal macrophages from pre-

maturely ageing mice [31].

The digestion of the phagocytized particles by macro-

phages takes place through the respiratory burst in which

NADPH oxidase is activated catalyzing a reaction that

produces superoxide anion. Without phagocytic stimulus

these cells can also produce superoxide anion increasing

the NADPH synthesis. In the present study, peritoneal

macrophages from old mice show lower levels of intra-

cellular superoxide anion, both at basal levels and with

phagocytic stimulus, than those from mature animals. This

confirms the lower effectiveness of foreign material

destruction at this age and this fact is in agreement with

previous results showing an age-related decrease in the

intracellular levels of superoxide anion in peritoneal leu-

cocyte of mice and an increase in extracellular superoxide

levels, which could produce serious host tissue damage [2,

34]. The different kinds of biscuits do not show, in general,

any effect at basal level on this free radical in both periods

of supplementation. However, in stimulated samples,

CO52 increases the levels of this anion after 30 weeks of

treatment. In most cases the studies with polyphenols have

been performed measuring extracellular superoxide anion

levels, and the scavenging properties of polyphenols on this

free radical showed these levels decreased [42, 43].

Nevertheless, several antioxidant compounds such as

vitamin C, vitamin E, gluthation, tioproline or N-acetyl-

cysteine, have shown in vitro and in vivo an increase in the

levels of intracellular superoxide anion [2, 10, 44]. More-

over, a diet supplementation with polyphenol-rich cereals

also increased the intracellular superoxide anion levels in

peritoneal leucocyte from adult mice [30] and from pre-

maturely ageing mice [31].

The most pronounced alterations with ageing seem to be

found in T lymphocyte functions, with a decrease in their

proliferative response and IL-2 production [1, 2]. The

results of the present work confirm these previous studies

since a significant reduction of the proliferation of lym-

phocytes and also of IL-2 concentrations have been found

at control level in old mice with respect to the mature

animals. In general, the naturally polyphenol-rich biscuits

studied are able to improve proliferation in response to

mitogens after both intake periods, as well as to enhance

the levels of IL-2 after 15 weeks of treatment. Other

authors have found that 2 weeks after polyphenol-fruit

juice consumption, IL-2 levels increased significantly, as

well as human lymphocyte responsiveness to mitogens

[25]. In this context, an in vitro study on humans has

demonstrated that polyphenols such as ferulic, p-coumaric

and vanillic acids enhance the activity of human lympho-

cyte proliferation as well as the secretion of interferon-

gamma [45]. Ferulic and p-coumaric acids are the main

polyphenols in cereals, and the biscuits tested have a high

content of these molecules, which could be responsible of

the increased lymphocyte proliferation observed in our

study. In a previous work, the diet supplementation with

polyphenol-rich cereals showed an increase in IL-2 release

and proliferation of peritoneal T lymphocytes in both adult

and prematurely ageing mice, with the p-coumaric acid

being an important candidate to mediate this effect [30,

31]. Nevertheless, controversial results have been reported

regarding lymphocyte proliferation and IL-2 release

depending on the polyphenol studied. Thus, the cacao

liquor polyphenols, in vitro, inhibit human lymphocyte

proliferation in response to mitogens [46] and no effect of

five polyphenols in an in vitro study on IL-2 concentrations

have been reported by Miles et al. [47]. Moreover, epi-

gallocatechin-3-gallate inhibited the spleen T cell prolif-

eration in mice and its supplementation resulted in a lower

IL-2 receptor expression [48].

With respect to the antitumoural activity of NK cells, no

differences were found at control levels between the ages

studied. Controversial results with respect to NK activity

with ageing have been observed, thus no change or a

decline of this immune function with age has been reported

[2, 49]. Supplementation with biscuits rich in polyphenols

was able to improve this function after 15 weeks (with the

exception of CO49), and 30 weeks of supplementation.
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In agreement with our results, a study performed in adult

humans consuming polyphenol-fruit juice, in a total period

of 10 weeks, showed an improvement of the natural killer

activity [25]. In vitro quercetin showed a decrease in lytic

activity of NK cells, whereas catechin increased this

function [50]. Moreover, green tea catechins maintained

better NK activity in senescence-accelerated mice prone

and decreased their tumour metastasis [51], and a diet

supplementation with polyphenol-rich cereals for 5 weeks

increased the NK activity of peritoneal leucocytes from

prematurely ageing mice [31]. However, in an in vivo

study performed in humans, the NK activity was not

affected by polyphenols present in red wine [52].

With ageing also increases the release of proinflamma-

tory cytokines such as TNF-a [2, 34] in agreement with the

results obtained in the present work. The effect of CO52

biscuits decreasing the levels of TNF-a after 30 weeks of

ingestion could show a useful anti-inflammatory action at

this old age. The majority of the studies about the effect of

polyphenols on the secretion of TNF-a are controversial.

A recent study shows that a phenolic synthetic compound

blocks this inflammatory cytokine production in macro-

phages [53]. Catechins have been particularly well studied

on TNF-a secretion and showed an inhibitory effect in

mouse macrophages [54, 55], but no significant effect in

whole blood human cultures [56] and in a mouse mono-

cyte/macrophage cell line (RAW 264.7) [57]. The diet

supplementation for 5 weeks with several polyphenol-rich

cereals decreased the release of TNF-a in peritoneal leu-

cocyte of adult mice, with exception of one of the cereal

studies, that without p-coumaric acid [30]. Nevertheless,

other authors did not observe any effect on TNF-a pro-

duction in whole blood cultures in the presence of p-cou-

maric acid [58]. The immunomodulatory role of the

polyphenols studied in the present work, lowering the age-

overactivated functions of leucocytes such as adherence

and TNF-a release and, at the same time, stimulating the

impaired ones such as the other function studied here, to

reach the best physiological levels in each immune func-

tion, has already been shown with other antioxidants [2].

The present work demonstrates that age-associated

impairment of the immune system may be attenuated by

ingestion of nutrients present in the biscuits studied.

Probably, the polyphenol content of these biscuits could be

the main compound responsible for the improvement

observed on several immune cell functions. Nevertheless,

we cannot assume that the changes found in immune status

are due to one individual polyphenol, and we must also

consider that there are other components of the biscuits

(such as lipids) that also influence immune status, and thus,

additional studies in this area would be needed. Presently,

all that we can say is that these effects are possibly a

consequence of the concrete combination of the different

types of polyphenols as well as the physiological amounts

of them present in the biscuits. The use of combinations of

optimal doses of antioxidant and anti-inflammatory phy-

tochemicals for dietary intake, better than an antioxidant

alone [59], could result in an appropriate way to slow down

the progressive tendency to decline of the immune

responses with advancing age, as many studies have shown

[2, 8–10, 44]. Moreover, the potential antioxidant and anti-

inflammatory action of polyphenols [12–17] could not

always explain their pivotal physiological role, since,

polyphenols, like other antioxidants, not only can be con-

sidered as merely scavenging radicals but also as modu-

lators and regulators of several physiological functions

including immune responses [2, 18, 19, 60, 61]. In addi-

tion, the role that show several nutrients increasing anti-

oxidant defences by up-regulating the expression and

activity of antioxidant enzymes normally present in the

cell, such as it has been observed in some polyphenol

compounds, seems the best way to improve longevity [11].

Since the immune system declines with age, increasing

morbidity and mortality [62], naturally rich polyphenol

food may be an important way to preserve health with age.

In fact, the few studies on the effects of polyphenol sup-

plementation in the immune functions of chronologically

old subjects or with premature or accelerated ageing have

shown positive effects [26, 27, 31, 51, 63], and in several

cases this supplementation improved the immune functions

restoring the values to those in adults. For such reason,

further efforts have to be focused to understand the

mechanisms by which these compounds influence immu-

nity during ageing. In conclusion, the present work reveals

that the ingestion of diets enriched in cereal polyphenols

through ageing is useful against the age-related immuno-

logical decline and thus, since immune function has been

shown to be a health and longevity predictor, increase

healthy longevity.
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