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With aging there is an increase of oxidative stress due to
an imbalance between the oxidant production and the
antioxidant levels in favor of the former. Since immune
cell functions are specially linked to reactive oxygen
species (ROS) generation, the oxidant/antioxidant bal-
ance is essential for these cells. Although low levels of
antioxidants cause a decrease in immune function, very
high levels of antioxidant compounds could show
prooxidant effects. In the present work, we have studied
the effect of diet supplementation, for 4 weeks, with two
different doses of two thiolic antioxidants, namely
thioproline (TP) and N-acetylcysteine (NAC), at 0.1%
(w/w) and 0.3% (w/w, of each antioxidant) on the main
immune system cells, i.e.: macrophages, lymphocytes
and natural killer (NK) cells of adult (33^ 1 week old)
and aged (75^ 1 week old) female Swiss mice. Two
groups of animals, adult and aged mice, fed standard diet
were used as controls. The results show that the ingestion
of 0.1% doses of thiols improves, in the adult mice,
several immune functions such as the chemotaxis
capacity of both macrophages and lymphocytes, the
phagocytosis of macrophages, the lymphoproliferative
response to the mitogen Con A and the NK activity.
Moreover, no change was observed in adherence capacity
of immune cells, and superoxide production was
decreased. By contrast, in aged mice the ingestion of
these amounts of antioxidants did not change the
immune functions studied with the exception of NK
activity, which was stimulated. The ingestion of 0.3% of
antioxidants by adult mice only increased some immune
functions such as adherence and superoxide production,
which are markers of oxidative stress. Other functions
such as chemotaxis or lymphoproliferative response
decreased. However, the ingestion of these very high
amounts of thiols by aged animals increased the

phagocytosis, the NK activity and specially the lympho-
proliferative response to the mitogen, a function that is
very depressed with aging.
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INTRODUCTION

Immune cell competence is specially linked to
reactive oxygen species (ROS) generation, which is
needed to support such important function as the
microbicidal and cytotoxic activities.[1] However,
excessive amounts of ROS are harmful to immune
cells, because their attack to cellular components can
lead to cell damage or death. For this reason, the
organism, and specially the immunocompetent cells,
rely on antioxidant mechanisms in order to maintain
the oxidant–antioxidant balance required to pre-
serve the integrity and functionality of membrane
lipids, cellular proteins, and nucleic acids, as well as
to control signal transduction of gene expression.[2] It
seems that immune system cells generally need
higher concentrations of antioxidants than other
cells.[3] Therefore, the administration of antioxidants
may be a useful therapy to improve immune
functions. In fact, previous work by us and other
authors, has shown an enhancement of leukocyte
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functions after treatment with several antioxidants in
vivo or in vitro.[4 – 7] This is specially relevant to aging,
a process accompanied by changes in functions of
immune cells such as phagocytes, NK cells and
lymphocytes, specially Tcells.[8 – 11] The deterioration
of the immune system with age or
“immunosenescence” is believed to contribute to
morbidity and mortality, and several studies have
suggested a positive association between good
immune cell activity, concretely T cell function and
longevity.[12] These age-related alterations of the
immune functions seem to result from oxidative
stress,[2] since aging is linked to an increased rate of
free radical generation and decline in antioxidant
competence.[8,13,14] For this reason, diet supplemen-
tation with antioxidants could prevent or delay the
onset of age related immune impairment, and in fact,
beneficial effects have been observed in aged subject
after that supplementation.[6,15 – 17] Reduced gluta-
thione (GSH) is one the most important and effective
antioxidant defence mechanisms in cells.[18] as well
as N-acetylcysteine (NAC) and thioproline (TP),
which act as glutathione precursors,[19,20] thus
exerting a favorable effect on immune functions.
GSH has been shown to increase lymphoprolifera-
tion in response to mitogens [21] and improve
macrophage functions.[4] Further, NAC and TP
enhance several functions of leukocytes.[15,22] How-
ever, there is some uncertainly on the dose of dietary
antioxidants needed to reach an optimal immune
function, since high doses of antioxidants, can show
prooxidant properties.[5,23,24] Moreover, the amount
of antioxidants required to preserve the homeostatic
oxidant/prooxidant balance could vary depending
on the oxidative state, which changes with the age of
the individuals. In the present study in adult and
aged Swiss mice we have investigated the effect of
two different amounts of NAC and TP, namely 0.1%
(w/w) and 0.3% (w/w), ingested for four weeks on
the main immune cell functions because in a
previous work we observed the improvement of
several functions of peritoneal macrophages in adult
Swiss mice after the ingestion of 0.1% (w/w) of those
antioxidants over the same time period.[22]

MATERIALS AND METHODS

Animals

Female OF1 Swiss mice (Mus musculus ) (Harlan
Interfauna Ibérica, Barcelona, Spain), aged 33^ 1
and 75^ 1 weeks old, were maintained at a constant
temperature ð22 ^ 28CÞ in sterile conditions inside an
aseptic air negative-pressure environmental cabinet
(Flufrance, Cachan, France) on a 12 h light/dark
cycle and fed Sander Mus pellets (Panlab L.S.
Barcelona, Spain) and water ad libitum. The animals

used did not show any sign of malignancy or other
pathological processes.

Reagents

Thioproline and N-acetylcysteine were purchased
from Sigma (St. Louis, USA), and the following
chemicals were also obtained from Sigma: Concana-
valine A (Con A) mitogen, formylated peptide (f-
Met-Leu-Phe, fMLP), latex beads and nitroblue
tetrazolium (NBT). RPMI 1640 medium, fetal calf
serum (FCS) and gentamicin were purchased from
Gibco (Pasley, Scotland, UK); polycarbonate filters of
3mm from Millipore (Millipre Iberica, Madrid,
Spain) and MIF plates from Kartell (Italy). Trypan
blue was from Merck (Darmstadt, Germany).

Experimental Procedure

At 28 and 71 weeks of age, animals were divided into
control and treated groups, with 10 animals in each
group. One treated group received a diet sup-
plemented with 0.1% (w/w) and another group
received 0.3% (w/w) of both N-acetylcysteine (NAC)
and Thioproline (TP) for 4 weeks. The animals were
weighted before and after of treatment. Then, the
animals were sacrificed by cervical dislocation
according to the guidelines of the European
Community Council Directives 86/6091 EEC.

Collection of Leukocytes

Peritoneal suspensions were obtained by a procedure
previously described.[25] Briefly, 3 ml of Hank’s
solution, adjusted to pH 7.4, were injected intraper-
itoneally, then the abdomen was massaged and the
peritoneal exudate cells, consisting of 60% lympho-
cytes and 40% macrophages, were collected allowing
recovery of 90–95% of the injected volume. The cells
were counted in Neubauer chambers and then, some
samples were adjusted to 5 � 105 macrophages=ml of
Hank’s medium for the study of phagocytic function,
and other samples to 5 � 105 lymphocytes=ml for the
assays of adherence and chemotaxis of peritoneal
lymphocytes. Then, axillary nodes, spleen, and
thymus were removed aseptically and gently pressed
through a mesh screen obtaining a cell suspension
which was centrifuged to isolate the leukocytes of
these organs and then adjusted to 1�106 lymphocy-
tes/ml of Hank’s medium, in the samples were used
for chemotaxis; supplemented medium, RPMI 1640
supplemented with 10% FCS, previously inactivated
by heat (30 min at 568C) and with gentamicin
(1 mg/ml), in the samples were used for proliferation
assays; and RPMI 1640 without phenol red for
cytotoxicity.
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Assay of Adherence

The assay of adherence to substrate was carried out
by a method previously described.[26] Aliquots of
200ml of peritoneal, axillary node, spleen or thymus
suspensions were placed in eppendorf tubes. At
20 min of incubation, 10ml were removed from each
sample, after gently shaking to resuspend the
sedimented cells, and the number of nonadhered
lymphocytes was determined by counting in
Neubauer chambers (Blau Brand, Germany) in an
optical microscope (40� magnification lens). The
adherence index, A.I., was calculated as follows:

A:I: ¼ 100 2 ½ðcells=ml supernatantÞ=

(cells/ml original sample)]� 100.

Assay of Chemotaxis

Chemotaxis was evaluated according to a method[26]

consisting basically on the use of chambers with two
compartments separated by a filter with a pore
diameter of 3 mm (Millipore, Madrid, Spain).
Aliquots of 300ml of the different (peritoneal, axillary
nodes, spleen or thymus) suspensions were depos-
ited in the upper compartment. Aliquots of 400ml of
the chemoattractant f-Met-Leu-Phe (1028 M), were
put into the lower compartment. The chemotaxis
index (C.I.) was determined by counting the number
of cells in the lower face of the filter.

Assay of Phagocytosis

The phagocytosis assay was carried out by a method
described by us.[26] Aliquots of 200ml or peritoneal
suspension in MIF plates, with 20ml of latex beads
(1.09mm diluted to 1% PBS). The number of particles
ingested by 100 macrophages was counted, and
expressed as phagocytosis index (P.I.).

Assay of Superoxide Anion Production

The nitroblue tetrazolium (NBT) reduction test,
based on an equimolar reaction between NBT and
superoxide anion,[27] was carried out for determi-
nation of superoxide production according to a
method previously described.[26] Briefly, aliquots of
250ml of peritoneal suspension were mixed with
250ml of NBT solution (1 mg/ml), and aliquots of
50ml of latex beads were added to one sample set
(stimulated samples) and 50ml of Hank’s medium to
the other set (non-stimulated samples). Both,
intracellular and extracellular superoxide anion
production were evaluated and expressed as
nmol/106 cells.

Assay of Lymphoproliferation

The proliferation of lymphocytes induced by Con A
(1mg/ml) mitogen, was determined in 72 h cultures.
A BrdU labeling and detection commercial kit
(Roche Diagnostics, Switzerland) following a
method previously described[28] was used. Briefly,
it consisted on the addition to the culture medium of
BrdU that was incorporated into freshly synthesized
DNA. Following fixation of cells, cellular DNA was
partially digested by nuclease treatment. Next a
peroxidase labeled antibody to BrdU was added and
bound to BrdU. At the final step, the peroxidase
substrate was added yielding a colored reaction
product as the result of peroxidase enzyme activity.
The absorbance of the sample (measured at 405 nm)
is directly correlated to the level of BrdU incorpor-
ated into cellular DNA.

Assay of the Natural Cytotoxicity

The NK activity of the leukocytes from axillary
nodes, spleen and thymus was studied, as described
by us,[26] using an enzymatic test (Cytotox96 TM,
Promega, USA) based on the determination of lactate
dehydrogenase (LDH; using a tetrazolium salt).
YAC-1 cells from a murine lymphoma were used as
target cells and maintained in a complete medium
(RPMI 1640 plus 10% FCS). Target cells were seeded
in 96 well U-bottom culture plates at 104 cells/well in
RPMI 1640 without phenol red, and effector cells
from axillary nodes, spleen and thymus were added
at 105 cells/well. The effector/target rate used, 10/1
was found by us to be responsible for similar results
to those obtained in previous work with radioactive
techniques.[29] Four kinds of control measurements
were performed: a target spontaneous release; a
target maximum release; an effector spontaneous
release; and a volume correction control to adjust the
volume change caused by the addition of lysis
solution to the maximum release control wells. To
determine the percent of target cells killed, the
following equation was used:

% lysis ¼ ððE 2 ES 2 TSÞ=ðM 2 ES 2 TSÞ � 100

where E is the mean of absorbances in the presence of
effector cells, ES the mean of absorbances of effector
cells incubated alone, TS the mean of the absor-
bances of target cells incubated with medium alone,
and M is the mean of maximum absorbances after
incubating target cells with lysis solution and
subtracting the value from the volume correction
control.

Statistical Analysis

The data are expressed as the mean^ SD of the
values from the number of experiments shown in the
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figures and evaluated statistically by the two-way
ANOVA and Scheffe F-test for the comparison of
parametric samples, p , 0:05 being the minimum
significant level. The normality of the samples was
confirmed by the Kolmogorov–Smirnov test.

RESULTS

No significant difference in the weight data after the
antioxidant treatment was observed, neither in adult
ð40 ^ 6 gÞ nor in old ð38 ^ 5 gÞ mice.

The effect of the ingestion of antioxidants
(N-acetylcysteine plus thioproline) on the main
steps of the phagocytic process of peritoneal
macrophages are shown in Table I. The supplemen-
tation of the diet with 0.1% of each of the two
antioxidants increased the chemotaxis and ingestion
capacity in the adult mice. No change was observed
in adherence capacity, and intracellular superoxide
anion production decreased in non-stimulated and
increased in stimulated samples. The extracellular
measurement of superoxide anion levels showed a
decrease in both, non-stimulated and stimulated
samples. As regards lymphocyte functions, the
statistical analysis rendered no differences in
adherence capacity, but chemotaxis improved not
only in peritoneum, but also in the three organs
studied (Table II). The analysis of the results of
lymphoproliferation (Fig. 1) showed that the treat-
ment with antioxidants increased this capacity in
cells from axillary nodes, spleen and thymus. The
NK activity (Fig. 2) was higher in the treated than in
the control group. With respect to the results
obtained in the old mice, the thiol ingestion did not
influence the macrophage functions, but showed an
increase on NK activity in cells from axillary nodes
and thymus.

As regards the effect of ingestion of 0.3% of each
antioxidant, in the adult animals, adherence under-
went a significant increase, whereas chemotaxis and

ingestion capacities did not change. On the other
hand, the superoxide anion production increased
with the treatment, in the intracellular as well as in
the extracellular compartment. Lymphocyte func-
tions, such as chemotaxis and lymphoproliferation
decreased, but NK of spleen increased significantly
after a 0.3% ingestion of thiols. In the old mice, the
most evident effect occurred in the ingestion capacity
of macrophages, which increased while the other
functions of these cells did not change. However,
lymphoproliferation and NK activities experimented
the main increase as compared to the control group.
As regards the other functions, the only change was
the significant increase in chemotaxis of cells from
axillary nodes.

DISCUSSION

This study shows the beneficial effects of the
ingestion of an antioxidant supplemented diet on
the immune response, with resulting improvement
in several functions of the most relevant immuno-
competent cells, namely, macrophages, lymphocytes
and cells with natural cytotoxicity. Although it is
known that the immune cells need optimal levels of
antioxidants for maintenance of their function,[8] and
that supplementation with antioxidants may be
beneficial,[6,7,22] the present work suggests that the
requirements of antioxidants are different depending
on the age of the animals. Thus, since a progressive
oxidant/antioxidant imbalance is involved in the
oxidative stress of aging, even under normal
physiological conditions,[8] the amount of antiox-
idant supplementation required may be higher for
the aged than for the adult subjects. In fact,
Chandra[30] had already pointed out that the doses
of vitamin E needed to improve immune function are
greater in aged than in young subjects.

The migration directed to the antigen focus
(chemotaxis), which is one of the first steps of the

TABLE I Changes in several functions of peritoneal macrophages caused by N-acetylcysteine and thioproline (0.1 or 0.3%, w/w)
ingestion in cells from adult and old mice. The data are the mean^ SD of eight values corresponding to eight animals, each value being the
mean of duplicate assays. *p , 0:05; **p , 0:01; ***p , 0:001 with respect to the corresponding control. ..p , 0:01; ...p , 0:001 with respect
to the corresponding value in adults. NS, non-stimulated samples; S, stimulated samples

Treatments

Adult mice Old mice

Control 0.1% 0.3% Control 0.1% 0.3%

Adherence (A.I.) 42^ 4 43^ 6 56^ 4** 63^ 8... 59^ 10 60^ 11
Chemotaxis (C.I.) 544^ 65 907^ 74*** 602^ 103 131^ 29... 132^ 25 125^ 23
Phagocytosis (P.I.) 259^ 45 425^ 113*** 212^ 49 277^ 57 289^ 66 410^ 81***
Superoxide anion production

Intracellular NS 14^ 0.5 7^ 0.5** 23^ 3** 30^ 5... 33^ 6 38^ 7
Intracellular S 30^ 0.8 46^ 3*** 34^ 2 46^ 4... 48^ 6 50^ 7
Extracelular NS 10^ 0.5 6^ 0.5* 18^ 5* 19^ 2.. 17^ 3 20^ 2
Extrcellular S 18^ 2 6^ 0.5*** 27^ 3* 32^ 5... 34^ 5 26^ 4
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immune response,[31] was increased in both, macro-
phages and lymphocytes from adult mice after
ingestion of 0.1% of NAC and TP. These observations
are in agreement with the results of previous studies
in vivo[22,32] showing the immunostimulant action
which allows immune cells to reach the infectious
focus and to carry out the immune response.
However, this dose of 0.1% failed to improve the
chemotaxis of our old mice, which was significantly
decreased. Previous reports have shown that in
oxidative stress conditions such as endotoxic
shock[33] or in states with deficient levels of
antioxidants,[7] there is a lower chemotaxis. Senes-
cence which shows an oxidative condition,[14] is also
accompanied by decreased chemotaxis,[11] and in the

present study, the higher dose used, namely 0.3% of
both thiolic antioxidants, was needed to improve
significantly this function in the aged mice.

Adherence is a key function of immune cells,
because in addition to allowing their migration
towards inflammatory foci, an adequate adherence is
necessary for the cells to reach the immunocompe-
tent organs where the antigens are recognized.[34]

Adherence is a function which increases both in
oxidative stress situations[33] and in aging.[6,11] This
fact is also observed in the present research.
Accordingly, recent work shows that free radicals
can induce the expression of adhesion molecules.[35]

This function was increased by the 0.3% dose of
antioxidants in adult mice, which agrees with

FIGURE 1 Proliferative response of axillary nodes, spleen and thymus lymphocytes to Concanavaline A mitogen of control mice and
treated with a diet supplemented with 0.1 or 0.3% of NAC (N-acetylcysteine) plus TP (thioproline). The data are the mean^ SD of eight
values, being each value the mean of duplicate assays. *p , 0:05; **p , 0:01; ***p , 0:001 with respect to control. ..p , 0:01; ...p , 0:001
with respect to control adult.

TABLE II Changes in several functions of lymphocytes caused by N-acetylcysteine and thioproline (0.1 or 0.3%, w/w) ingestion in cells
from adult and old mice. The data are the mean^ SD of eight values corresponding to eight animals, each value being the mean of
duplicate assays. *p , 0:05; **p , 0:01; ***p , 0:001 with respect to the corresponding control. ..p , 0:01; ...p , 0:001 with respect to the
corresponding value in adults

Treatments

Adult mice Old mice

Control 0.1% 0.3% Control 0.1% 0.3%

Adherence (A.I.) 30^ 5 36^ 8 38^ 4* 60^ 5... 61^ 4 58^ 7
Chemotaxis (C.I.)

Peritoneum 789^ 74 1050^ 121** 805^ 112 413^ 55... 425^ 61 450^ 60
Axillary nodes 1102^ 92 1574^ 338* 958^ 85* 813^ 81 1018^ 168* 1281^ 179***
Spleen 1352^ 189 1755^ 373* 655^ 75*** 923^ 152.. 983^ 174 1033^ 182
Thymus 2204^ 280 3003^ 557** 1436^ 196** 1099^ 182... 1120^ 223 951^ 153
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previous work showing that antioxidants, such as
ascorbic acid[23] and b-carotenes[24] are prooxidants
at high concentrations. However, in old animals the
high dose of antioxidants did not show any effect.

Particle ingestion (phagocytosis) was significantly
stimulated by 0.1% of the thiolic antioxidants in
adult mice, as observed in previous studies by using
this same supplementation.[22] However, the high
dose of 0.3% was not optimal for the adult but it was
adequated for restoring the phagocytosis in old mice.

In the present experiments, the thiol compounds at
0.1% caused a decrease in the basal intracellular
superoxide anion production in the adult mice.
However, in the presence of a phagocytic stimulus
there was an increase in that production, which may
be considered a favorable response since it raises the
microbicidal activity of phagocytes. By contrast, the
extracellular production of superoxide, which may
be harmful to the organism, was significantly
depressed by the thiol compounds in non-stimulated
as well as in stimulated samples. Thus, it appears
that at the 0.1% concentration these antioxidants
improve immune function by raising the cellular
microbicidal activity and preventing the production
of tissue-damaging oxidants. In these adult mice, at
the 0.3% concentration, thiolic compounds increased
the basal intracellular as well as extracellular
superoxide production, which suggests that at this
higher concentration these compounds had a
prooxidant effect, thus increasing the formation of

free radicals instead of neutralizing them. This
observation is in agreement with previous research
showing the prooxidant action of high doses of
antioxidants.[5,23,24] Interestingly, in old animals,
with a higher production of superoxide anion than
adult mice, in agreement with previous work,[11] the
0.3% dose of the thiolic compounds did not show any
significant effect on the intracellular nor extracellular
production of superoxide when administered to the
aged mice. This suggests that a marked senescence
related disturbance in their oxidant/antioxidant
ratio renders the oxygen radical production of
immune cells quite unsensitive to the influence of
the dietary administration of thiols.

The lymphoproliferative response, one of the most
important and representative function of lympho-
cytes, is stimulated by administration of the thiolic
antioxidants at 0.1% to the adult mice, which agrees
with previous findings on the positive effects of
antioxidants on mitogen induced lymphoprolifera-
tion.[2,7,8,15,16] On the other hand, in the present study
this function experimented a decrease following the
0.3% thiolic antioxidant administration, probably
due to a prooxidant effect of the compound at this
high concentration. One of the most important
immunological age-related changes is the decrease
in mitogen-induced lymphocyte proliferation,[9]

which probably results from senescent decrease in
the level of reduced glutathione,[36] which is needed
for lymphocyte proliferation and activation.[37]

FIGURE 2 Percentage of natural killer (NK) activity of axillary nodes, spleen and thymus lymphocytes from control mice and treated
with a diet supplemented with 0.1 or 0.3% of NAC (N-acetylcysteine) plus TP (thioproline). The data are the mean^ SD of eight values,
being each value the mean of duplicate assays. *p , 0:05; **p , 0:01; ***p , 0:001 with respect to control. ..p , 0:01 ...p , 0:001 with
respect to control adult.
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According to our present data, the ingestion of the
glutathione precursors, NAC and TP,[19,20] at 0.1% of
each could not restore the depressed lymphoproli-
feration of old mice, but the higher dose (0.3%)
reversed the senescent decline in lymphoprolifera-
tion. Likewise, our previous work has shown that
ingestion of 200 mg/day of vitamin E by aged
human subjects improves their depressed lympho-
proliferation,[6] and similar results were found in
aged women administered supplements of vitamin
C and E for 16 weeks[16] and in mice receiving
thioproline.[15]

There is senescent decline in the cytotoxic capacity
of immune cells, specially of the NK activity,[38]

which plays a key role in immune surveillance
against tumors, in addition to its important
regulatory function.[39] Therefore, it is important
that, according to our present results, 0.1% thiol
antioxidant supplementation of the diet stimulates
the NK activity in both adult and aged mice, but in
the aged the most marked improvement is found at
the 0.3% dose. In conclusion, the dietary adminis-
tration of NAC plus TP resulted in an improvement
of the immune functions of mice, with the 0.1% dose
being the most effective for the adult animals. On the
other hand, probably because of their more severely
impaired oxidant/antioxidant balance, the aged
mice required a 0.3% in order to show optimal
immune functions.
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