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Abstract Upon mitogen sensitization, lymphocytes
undergo proliferation by oxyradical-based mecha-
nisms. Through continuous resting–restimulation
cycles, lymphocytes accumulate auto-induced oxida-
tive lesions which lead to cell dysfunction and limit
their viability. Astaxanthin (ASTA) is a nutritional
carotenoid that shows notable antioxidant properties.
This study aims to evaluate whether the in vitro
ASTA treatment can limit oxyradical production and
auto-oxidative injury in human lymphocytes. Activated

lymphocytes treated with 5 µM ASTA showed imme-
diate lower rates of O2

•−/H2O2 production whilst NO•

and intracellular Ca2+ levels were concomitantly
enhanced (≤4 h). In long-term treatments (>24 h), the
cytotoxicity test for ASTA showed a sigmoidal dose–
response curve (LC50=11.67±0.42 µM), whereas
higher activities of superoxide dismutase and catalase
in 5 µM ASTA-treated lymphocytes were associated
to significant lower indexes of oxidative injury. On
the other hand, lower proliferative scores of ASTA
lymphocytes might be a result of diminished intracel-
lular levels of pivotal redox signaling molecules, such
as H2O2. Further studies are necessary to establish the
ASTA-dose compensation point between minimizing
oxidative damages and allowing efficient redox-
mediated immune functions, such as proliferation,
adhesion, and oxidative burst.
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Abbreviations
ANOVA Analysis of variance
ASTA Astaxanthin
BHT Butylated hydroxytoluene
BSA Albumin
[Ca2+]i Intracellular calcium
CAT Catalase
Con A Concanavalin A
DHE Dihydroethidium
DMSO Dimethyl sulfoxide
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DNPH 2,4-Dinitrophenylhydrazine
DTNB 5,5′-Dithiobis(2-nitrobenzoic acid)
EDTA Ethylenediaminetetraacetic acid
EGTA Ethylene glycol tetracetic acid
GSH Reduced glutathione
GSSG Oxidized glutathione
H2O2 Hydrogen peroxide
LPS Lipopolysaccharide
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide

phosphate
NBT Nitroblue tetrazolium
NEM N-ethylmalemide
NO Nitric oxide
PMA Phorbol-12-myristate 13-acetate
PMS Phenazine methosulfate
ROS Reactive oxygen species
SOD Superoxide dismutase
TBA Thiobarbituric acid

Introduction

Lymphocytes are highly active immune cells that
constantly generate reactive oxygen/nitrogen species
(ROS/RNS) as part of their normal cellular activity
(Chew and Park 2004). Lymphocytes undergo prolif-
eration and clonal expansion upon stimulation with
antigens/mitogens through redox-signaling molecules,
such as H2O2 and NO• (Pahlavani et al. 2001). The
immune system is highly reliant on accurate cell–cell
communication for optimal function, and any damage
to the signaling systems involved (e.g., membrane
components) will result in impaired immune respon-
siveness (Victor et al. 2004). However, when lympho-
cytes pass through continuous resting–restimulation
cycles, these cells accumulate oxidative lesions that
factually culminate in cell dysfunction and, thus, limit
their viability. Ultimately, oxidized lymphocytes trig-
ger intrinsic apoptotic cascades to inactivate and
decompose/recycle the nonviable immune cells, also
known as activation-induced cell death (Curtin et al.
2002). Apoptosis undoubtedly serves an important
immunoregulatory and homeostatic function by down-
regulating the proliferation of the less-viable lympho-
cytes after repetitive stimulation, though uncontrolled
oxidative stress has been pointed out as the molecular

basis of several immune-impaired pathologies such as
diabetes, chronic inflammation, autoimmune disorders,
sepsis, and HIV infection (Dobmeyer et al. 1997).

Since abundant circumstantial evidence links oxi-
dative reactions to many consequences of immune
diseases processes, some authors have currently
described antioxidant therapies as auxiliary interven-
tions to reduce the risk of such complications (Hussein
et al. 2006b; Vinson 2006). However, the efficiency of
antioxidant therapy drastically depends on the selected
antioxidants, in situ concentrations, and timepoints
in the disease course (Nunomura et al. 2006). Among
several phytochemicals with confirmed antioxidant
properties, carotenoids are of major interest due to their
widespread occurrence in foodstuffs and particular
ROS/RNS-scavenging mechanisms (Young and Lowe
2001). Apart from the inherent antioxidant properties
of general food carotenoids, other mechanisms can
actually account for their positive effects in the
immune system (Elliott 2005). Beta-carotene possesses
anti-inflammatory activity by functioning as a potential
inhibitor of NF-кB activation with putative participa-
tion of retinoic acid metabolites (Bai et al. 2005). Not
rare, non-provitamin A carotenoids such as lutein,
lycopene, and astaxanthin are as active, and at times
even more efficient, than β-carotene in enhancing cell-
mediated and humoral immune responses in animals
and humans (Chew and Park 2004). However, uptakes
of lutein, β-carotene, and lycopene by MOLT-17
lymphocytes were proven to be both carotenoid-
specific and dose-dependent (Astley et al. 2004).
Dietary lutein consistently inhibits the growth of
mammary tumors in mice and also prevents tumor-
induced changes in subclasses of T-cell population,
including Th, Tc, and IL-2R+T cells (Chew et al.
1996). Moreover, lutein-related proapoptotic effects are
selectively triggered against tumors, but not in normal
cells (Chew et al. 2003).

The carotenoid astaxanthin (3,3′-dihydroxy-β,β′-
carotene-4,4′-dione; ASTA) has regained attention in
the scientific media due to recent proposed antiapop-
totic effects (even in immune cells) (Kim et al. 2009).
ASTA is an orange-pinkish carotenoid essentially
produced by micro- and macroalgal species, which
accumulates in many marine organisms, such as
shrimps, crabs, troutes, and salmons. It is a potential
functional food and pharmaceutical supplement because
of its excellent antioxidant activity (Barros et al. 2001;
Cantrell et al. 2003; Young and Lowe 2001). Recent
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studies continue to evidence the multiple possibilities
of ASTA application in providing benefits to human
health (Hussein et al. 2006b). Furthermore, ASTA has
also demonstrated cardioprotective (Fassett and
Coombes 2009; Pashkow et al. 2008), neuroprotective
(Liu et al. 2009), anti-inflammatory (Ohgami et al.
2003), antihypertensive (Hussein et al. 2006a), and
anti-tumorogenic properties, especially against breast,
prostate, and liver cancer (Kurihara et al. 2002). It has
also been suggested as a protecting agent for bacterial
infection of Helicobacter pylori in stomach ulcerations
(Wang et al. 2000).

Thus, this study aims to evaluate whether the in
vitro ASTA treatment can restrain ROS/RNS produc-
tion and subsequent auto-oxidative injury in isolated
human lymphocytes with putative improvement of
cell proliferation. For this purpose, cytotoxic effects
of ASTA and the proliferative capacity of T and B
lymphocytes were compared to superoxide (O2

•−),
H2O2, and NO• production, intracellular Ca2+ mobi-
lization, antioxidant enzyme activities (superoxide
dismutase, catalase, glutathione peroxidase, and gluta-
thione reductase), and indexes of oxidative damage in
lipids (thiobarbituric acid reactive substances (TBARS)
assay) and in proteins (carbonyl and thiol content).

Methods and materials

Reagents

Purified astaxanthin (ASTA) and most of other chem-
icals were purchased from Sigma–Aldrich Chemical
Company (St. Louis, MO, USA), excepting the RPMI-
1640 culture medium, lucigenin, pluronic acid, Vybrant
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell proliferation kit, and acetoxyme-
thylester (Fura-2 AM) which were from Invitrogen
(CA, USA). Common reagents for buffers (e.g., PBS)
and regular laboratory solutions were obtained from
Labsynth (Diadema, SP, Brazil).

Subjects

The Ethical Committee of the Universidade Cruzeiro
do Sul approved the experimental procedure of this
study. Around 30 healthy adult women and men (15
men and 15 women, mean age 27.0±9.0) were
included in the present study. All subjects did not

present systemic or topical therapeutic regimen at
least for the last 2 months. Subjects with a smoking
history, alcohol habits, obesity, or any other systemic
disease were excluded of the study (based on an
anamnesis protocol).

Cell isolation and culture condition

Lymphocytes were obtained through the collection of
human peripheral blood by venipuncture procedure in
vacuum/siliconized tubes containing 0.1 mM EDTA.
Peripheral blood lymphocytes were isolated under
sterile conditions by using a density gradient present
in the reagent Histopaque 1077 (Sigma–Aldrich)
according to the manufacturer’s instruction. After
centrifugation, the lymphocytes were counted in a
neubauer chamber using Trypan blue (1%). Lympho-
cytes (1×106/mL) were cultured in 5 mL of RPMI
1640 supplemented as described above. The cells were
treated with 5 µM of ASTA and cultured at 95% O2 for
24 h at 37°C. After this period, the cells were collected,
centrifuged, and stored at −80°C to assays of enzymes
activities and oxidative damage in biomolecules.

Effect of ASTA and DMSO on cell viability

A 150-µM stock solution of purified ASTA was
prepared by dissolving carotenoid crystals in DMSO.
Microcrystal/aggregates were disrupted by ultrasoni-
cation in a Vibra Cell apparatus (Connecticut, USA)
for 5 min in ice-water bath. Tests were performed to
establish the highest percentage of DMSO (v/v) in
lymphocyte cultures that avoided significant cytotoxic
effects. Then, the toxicity assay of ASTA in human
lymphocytes was performed using cell density of 1×
106cell/mL exposed to different ASTA concentrations
(0, 0.1, 1, 2, 5, 10, 20, and 30 μM in 1% DMSO) for
24 h in the culture medium. Immediately after being
isolated and at the end of the incubation period, 5×
105cells were used to test cell viability, based on
scores of membrane integrity. This assay was carried out
in a FACScalibur flow cytometer (Becton Dickinson,
Mountain View, CA) using 50 µg/mL propidium iodide
dissolved in PBS pH7.4. Propidium iodide (PI) is a
membrane impermeant dye that preferably intercalates
in nuclear DNA and, thus, indicates disruption of
cellular membrane. Fluorescence of PI was determined
in the FL2 channel (orange-red fluorescence at 585/
542 nm).
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Determination of lymphocyte proliferation capacity

The proliferation response of lymphocytes was deter-
mined using the Vybrant MTT cell proliferation
(InVitrogen) according to the manufacturer’s instruc-
tions. Briefly, the MTTassay involves the conversion of
the water soluble compound MTT to the insoluble
formazan. The formazan is then solubilized, and the
concentration determined by optical density at 570 nm.
The cells (5×105cell/well) were treated with ASTA
(5 µM) and stimulated with concavalin A (20 µg Con
A/mL) or lipopolysaccharide (100 µg LPS/mL) to
evaluated T and B proliferation capacity, respectively.
Absorbance was measured in 570 nm, and the results
were expressed as optical density.

Nitric oxide production

Nitric oxide production was performed according to
Ding et al. (1988) through nitrite (NO2

−) determination.
Nitric oxide (NO•) is rapidly converted to NO2

− in
aqueous solutions; therefore, the total NO2

− concen-
tration can be used as a stoichiometric indicator of NO•

production in culture. Lymphocytes (5×105/well) were
cultured with ASTA (5 µM) and LPS (10 μg/well) for
4 h. Afterwards, 100 µL of Griess reagent was added
to culture containing both cells and supernatant. The
absorbance was measured at 550 nm to estimate NO2

−

concentrations based on a standard NaNO2 solution.

Hydrogen peroxide production

Hydrogen peroxide (H2O2) production was measured
according to Pick and Mizel (1981) which is based
on the horseradish peroxidase catalysis of the phenol
red oxidation by H2O2. The production of H2O2 was
measured in lymphocytes (5×105/well) in the absence
and presence of phorbol myristate acetate (PMA;
20 ng/well) a promoter of respiratory burst in leucocytes.
The absorbance was measured at 620 nm to evaluate
H2O2 concentration (compared to a standard curve).

Measurement of intracellular superoxide anion
production—dihydroethidium assay

Dihydroethidium (DHE) is a florescence probe and
was used to measure the intracellular O2

•− production.
Once inside the cell, DHE is rapidly oxidized to
ethidium (a red fluorescent compound) by O2

•− with

minor collaboration of other ROS (Hatanaka et al.
2006). Immediately after being obtained, lymphocytes
(5×105) were incubated with 5 μM DHE for 15 min
at room temperature in the dark. After incubation,
cells were treated with ASTA (5 µM) and then
promptly stimulated with PMA (20 ng/well) in
Tyrode’s buffer (137 mM NaCl, 2.68 mM KCl,
0.49 mM MgCl2, 12 mM NaHCO3, 0.36 mM
NaH2PO4, 5.6 mM D-glucose, and 5 mM acid
HEPES, pH7.4). Fluorescence of DHE emission was
analyzed in a microplate reader (Tecan, Salzburg,
Austria) at 590 nm (excitation wavelength at 396 nm).

Measurement of extracellular superoxide anion
production—lucigenin assay

Extracellular O2
•− production (mainly produced by

activated NADPH-oxidase) was measured by lucige-
nin chemiluminescence as previously described by
(Hatanaka et al. 2006). Freshly prepared lymphocytes
were incubated (5×105/well) with lucigenin (5 µM)
and ASTA (5 µM), to a final volume of 300 µL.
Superoxide production was triggered by addition of
PMA (20 ng/well) in Tyrode’s buffer. Chemilumines-
cence of the excited product of lucigenin oxidation by
O2

•− was monitored for 60 min in a luminometer
(Tecan, Salzburg, Austria) and expressed as chemilu-
minescence relative units.

Intracellular Ca2+ concentration

Changes in cytosolic Ca2+ levels were monitored by
fluorescence using the calcium-sensitive probe Fura
2-AM (Otton et al. 2007). The cells (1×106/mL) were
washed and treated with 5 µM ASTA. Total intracel-
lular release of [Ca2+] was monitored for 60 min in a
microplate reader (Tecan, Salzburg, Austria). Trans-
formation of the fluorescent signal to [Ca2+] (in nmol
Ca2+ per minute) was performed by calibration with
ionomycin (100 µM, maximum concentration) fol-
lowed by EGTA addition (60 µM, minimum concen-
tration) according to the Grynkiewicz equation
(Grynkiewicz et al. 1985).

Preparation of homogenates for measurement
of antioxidant enzymes and oxidative lesions

After the culture period, lymphocytes (5×106/mL)
were harvested, and the cells were rupted by ultra-

460 Cell Biol Toxicol (2010) 26:457–467



sonication in a Vibra Cell apparatus (Connecticut,
USA) using 500 µL of the assay-specific extraction
solution/buffer, then centrifuged for 10 min, 10,000×g
at 4°C. The supernatant was used for further analysis.

Lymphocyte antioxidant enzyme activities

Catalase (CAT), superoxide dismutase (SOD), gluta-
thione peroxidase (GPX), and glutathione reductase
(GR) activities were determined in lymphocytes using
a spectrophotometer (Amersham Biosciences, UK).
CAT activity was measured as described by Aebi
(1984) based on the direct decomposition of hydrogen
peroxide (H2O2). SOD activity was measured using
the method described by Ewing and Janero (1995)
which involves the reduction of O2

•− radicals by NBT
following a linear first-order kinetic during 3 min.
Glutatione peroxidase (Mannervik 1985) and gluta-
thione reductase (Carlberg and Mannervik 1985)
activities were measured based on the oxidation of
β-NADPH in the presence of tert-butyl hydroperox-
ide used as substrate.

TBARS

The measurement of TBARS was described by Fraga
et al. (1988) through the formation of a colored adduct
after the stoichiometric reaction between TBA and
several lipid derived aldehydes, including malondial-
dehyde (MDA). The absorbance at 535 nm was
measured after the mixture reaches room temperature,
and the TBARS content was estimated by a standard
curve of 10 µM 1,1,3,3-tetraethoxypropane.

Thiol group and protein carbonyl formation

Thiol and carbonyl groups were evaluated as bio-
markers of amino acid oxidation in total protein
fractions, which were isolated from crude homogenate
of cells (5×106) by precipitation with 20% trichlor-
acetic acid solution in ice. Reduced thiol groups were
detected by the formation of colored adducts after
reaction with 4 mM 5.5′-dithio-bis (2-nitrobenzoic
acid) solution (DTNB). The absorbance of DTNB-
treated samples at 412 nm was calculated using GSH
as a standard (Biteau et al. 2003). The same procedure
was used to estimate protein carbonyls. The protein
carbonyls were identified by the hydrazones formed
with 10 mM DNPH in 0.25 M HCl. Absorbance of

the peak detected within the range of 340–380 nm
was measured, and the carbonyl group concentration
was calculated based on the molar coefficient of ε=
2.2×104M−1cm−1 (Murphy and Kehrer 1989).

Protein determination

The total protein content of lymphocytes was mea-
sured by the method of Bradford (1976), using BSA
as standard.

Statistical analysis

The results are expressed as mean ± SEM, and (n) is
the number of experiments performed with lympho-
cyte cultures isolated from 30 volunteers upon ASTA
effect (n≥3). ANOVA was employed to detect
significant differences among groups followed by
the Tukey’s post-test (*p<0.05).

Results

Preliminary toxicological tests were conducted to
evaluate the cytotoxicity of either ASTA or its
lipophilic vehicle DMSO on the isolated human
lymphocytes. The viability scores from flow cytom-
etry analysis are presented in Fig. 1a. The cytotoxicity
of DMSO was assayed in terms of (v/v) percentage in
order to estimate the maximum DMSO volumes
allowed in cultures to avoid undesirable solvent
lethality. In fact, DMSO over 4% (v/v) proved to be
dramatically cytotoxic to lymphocytes after 24 h of
incubation (data not shown). Based on these data, all
ASTA-added systems were carried out using 1% of
DMSO (v/v), in which desired ASTA concentrations
could be efficiently solubilized. Cytotoxicity assays
performed with different ASTA concentrations
(Fig. 1a) demonstrated an abrupt decrease in lympho-
cyte viability above 5 µM: 64% at 10 µM ASTA
and ca. 90% with either 20 or 30 μM ASTA. As
shown in Fig. 1b, the LD50 value for ASTA in
lymphocytes was 11.67±0.42 µM. The well-fitted
sigmoidal curve (R2=0.998) also showed a high-
slope value (p=5.48±1.08) suggesting magnified
harmful effects of ASTA aggregation in the mem-
branes of lymphocytes when carotenoid concentration
reaches approximately 10 µM. Taking these calcula-
tions into account, all ASTA treatments in lymphocyte
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cultures herewith were carried out at 5 μMASTA in 1%
DMSO (v/v).

Lymphocyte functionality was accurately evaluated
by measurement of the proliferation capacity after
stimulation with a specific mitogen. Figure 2 shows
the MTT assay results after stimulation by Con A
(a specific mitogen to T lymphocytes) or LPS (specific
stimulus to B lymphocytes) for 48 h. Both stimuli caused
a significant increase in the proliferation capacity of
control: 25% and 35% for ConA- and LPS-stimulation
systems, respectively. However, in vitro treatment of
lymphocytes with 5 µMASTA caused a similar decrease
in cell proliferation either by Con A or LPS stimulation
(∼30%).

The immediate/short-term effects of 5 µM ASTA
on the isolated human lymphocytes were assessed by
measuring key redox signaling components O2

•−
,

H2O2, NO•, and intracellular Ca2+. As shown in
Fig. 3a, the NO• production in experimental groups
treated with LPS was significant higher than in
nontreated groups. The LPS-triggered NO• formation
showed a significant increment of 90% in ASTA-
treated groups compared to control group. On the
other hand, H2O2 production showed a significant
decrease by 24% after ASTA treatment and PMA
stimulation as compared to control-stimulated group
(Fig. 3b). Noteworthy, isolated human lymphocytes
were distinctly stimulated with LPS or PMA in order
to prioritize the activation of NOS and NADPH
oxidase, respectively, thereby bursting NO• and O2

•

−/H2O2 production.
Regarding DHE and lucigenin protocols, appropri-

ate controls were carried out to exclude possible
quenching effects of ASTA in those fluorescence/
chemiluminescence assays. In cell-depleted systems,
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ASTA did not directly affect the ROS-detected
fluorescences (data not shown). Nevertheless, our
results demonstrated a robust decrease in extracellular
O2

•− production (90%, as assessed by lucigenin assay)
when PMA-stimulated lymphocytes were pretreated
with 5 μM ASTA (compared to control group, Fig. 4a,
b). A slight but significant decrease of 26% in DHE
fluorescence was observed in activated lymphocytes
treated with 5 μM ASTA, revealing diminished
intracellular O2

•− production (Fig. 4c).
Intracellular Ca2+ mobilization was significantly

enhanced by 5 μM ASTA treatment in human
lymphocytes (∼15%) when compared to the control
group (Fig. 5). The increase in Ca2+ levels was
sustained during 60 min of kinetic monitoring.

Upon the observed short-term variations in the
ROS/RNS production of ASTA-treated lymphocytes,
many questions arose regarding antioxidant responses

of human lymphocytes upon long-term exposure to
the carotenoid. Therefore, the activities of major
antioxidant enzymes in experimental cells were
analyzed after 24 h (Table 1). Among all front line
antioxidant enzymes tested, only total SOD and CAT
activities were significantly increased (89% and 72%,
respectively), after 5 µM ASTA treatment, compared
to the control. Interestingly, the enzyme activity of the
mitochondrial MnSOD isoform was unaltered sug-
gesting that major variations in long-term production
of O2

•− preferably occurred at other cellular compart-
ments than mitochondria. No significant changes
were observed in both glutathione-related enzymes
GPX and GR after 24 h of 5 µM ASTA treatment.

Table 1 also shows the extension of oxidative
lesions in lipids (by TBARS test) and proteins (by
carbonyl and thiol contents) of isolated lymphocytes.
A significant decrease by 40% in TBARS content in
parallel to a 38% increment in thiol groups (but not
protein carbonyls) suggest the beneficial effects of
5 µM ASTA in preventing lipid and protein oxidation
in human lymphocytes after 24 h.

Discussion

The orchestration of the immune response relies
heavily on cell–cell communication processes. Thus,
the oxidant–antioxidant balance is a key factor in
preserving the immune cell function, not only regarding
the integrity of their polyunsaturated fatty acid-rich
membrane but also for control of signal transduction
and gene expression (Meydani and Azzi 2009). Immune
cells are frequently exposed to oxidizing injury pro-
voked by antigen stimulation of ROS/RNS as part of
their normal function (Meydani and Azzi 2009).
Accordingly, there is relative consensus reinforcing
the pivotal role of oxyradicals in survival, function,
and/or proliferation ability of lymphocytes. Some
immunological studies have shown that high antioxi-
dant concentrations were actually detrimental to lym-
phocyte functions, since they inhibited H2O2-mediated
proliferation and production of IL-2, both required for
optimal T-cell expansion (Schmielau and Finn 2001).

In this study, 5 µM ASTA significantly inhibited
O2

•− and H2O2 production in activated lymphocytes
within 60 min, while total NO• formed after 4 h was
exacerbated. Choi et al. (2008) also observed aug-
mented production of NO• in ASTA-treated BV2
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microglial cells stimulated with LPS. Through a
hydrogen–atom abstraction mechanism, ASTA has
the capacity to scavenge several relevant ROS in
vivo, including O2

•− (Jackson et al. 2004), and the
propagating intermediates of the lipid peroxidation
chain reaction, peroxyl (ROO•), and alkoxyl (RO•)
radicals (Barros et al. 2001). On the other hand,
pretreatment of lymphocytes with ASTA for 24 h
could impose mild oxidative insults to those cells in
culture based on the described pro-oxidative proper-
ties of carotenoids under some circumstances (Young
and Lowe 2001). Regarding the O2 tension in flask
cultures of lymphocytes (pO2 different from venous/
arterial blood) and the relatively high ASTA concen-
tration applied, this hypothesis is very acceptable.

Therefore, in response to the slight oxidative challenge
imposed by ASTA treatment in cultures, lymphocytes
showed higher activities of the antioxidant enzymes
SOD and CAT (Table 1), lower indexes of oxidative
lesions (TBARS and protein thiols, Table 1), and lower
rates of O2

•− and H2O2 production after PMA activation
(Figs. 3b and 4a–c). Noteworthy, the simultaneous
decreases of O2

•− and H2O2 production are congruent to
the fact that both ROS levels are tightly regulated in
several cellular compartments by the ubiquitous SOD-
catalyzed dismutation of O2

•− to H2O2.
Our results on ConA and LPS stimulation demon-

strated a significant decrease in lymphocyte proliferation
with 5 µM ASTA treatment. Lymphocyte proliferation
and clonal expansion are known immune functions
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5 μM lucigenin fluores-
cence assay. b The kinetic
results are presented as
mean ± SEM of eight assays
from at least eight different
experiments performed in
triplicate. c Intracellular
superoxide anion production
by measurement of 5 μM
dihydroethidium fluores-
cence (DHE). Negative
controls were performed in
cell-free systems with luci-
genin + PMA or lucigenin +
ASTA; and DHE + PMA or
DHE + ASTA (data not
shown). The values are
presented as mean ± SEM
from ten subjects in at least
five experiments. *p<0.05
compared to control group
#p<0.05 compared to
control-stimulated group
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triggered by antigen/mitogen activation through redox-
signaling molecules, especially H2O2 (Pahlavani et al.
2001). Thus, due to the powerful scavenging activity of
ASTA, intracellular levels of O2

•− and its dismutation
product, H2O2, were severely diminished to hinder
efficient lymphocyte proliferation. Wojcik et al. (2008)
demonstrated that the addition of β-carotene as well
as ASTA delayed the proliferation of oval cells
obtained from 2/3 in partial hepatectomised and
diethylnitrosamine-treated rats. Accordingly, Tanaka
et al. (1995) related that ASTA and its precursor
canthaxanthin have anticarcinogenic chemopreventive
properties partly due to inhibition of cell proliferation.

Increased intracellular Ca2+ mobilization is in
agreement with higher NO• production, as Ca2+ ions
(not necessarily bound to calmodulin) is a recognized
activation factor for several nitric oxide synthase
(NOS) isoforms (Feske 2007). In lymphocytes, consti-
tutive endothelial and neuronal NOS (eNOS and
nNOS, respectively) are the main cytoplasmic sources
of NO•, whereas inducible NOS isoform (iNOS) is
apparently absent in these immune cells (Ibiza et al.
2006). Whether primary T or B lymphocytes express
any of the NOS isoforms remains questionable.
Furthermore, the existence of a constitutive mitochon-
drial NOS isoenzyme (mtNOS) that also generates NO•

according to cytosolic/mitochondrial Ca2+ ratio and
mitochondrial membrane potential is now clear (Valdez
et al. 2006). Despite the fact that ASTA intracellular
targets remain unknown, the carotenoid was recently
linked to the maintenance of high mitochondrial
membrane potential and stimulated respiration effi-
ciency but controlled mitochondrial ROS production in
cultured cells, probably due to its inherent scavenging

activity (Wolf et al. 2009). Thus, the participation of
ASTA in limiting mitochondrial production of ROS,
controlling high membrane potential (as described by
Wolf et al. 2009), and, therefore, sustaining elevated
levels of NO• by Ca2+-mediated activation of mtNOS
should not be discarded. Appropriately, mitochondrial
MnSOD activity was unaltered after 24 h of 5 µM
ASTA treatment in lymphocytes (Table 1). Since the
Griess reaction actually detects end products of NO•

metabolism, the involvement of other RNS can be
suggested, e.g., the powerful oxidizing agent ONOO−

(Ferrer-Sueta and Radi 2009).
Independent to their inherent scavenging proper-

ties, three major topics of carotenoid healthy benefits
have always been debated in the literature: (a) the
synergistic effect with other antioxidants such as
ascorbate and tocopherols (Schroeder et al. 2006);
(b) the need of constant provision of carotenoids from
diet in order to replace oxidized/metabolized deriva-

Table 1 Activities of the antioxidant enzymes total superoxide
dismutasea (total SOD; unit mg protein−1), Mn-dependent
superoxide dismutaseb (MnSOD; unit mg protein−1), catalasec

(CAT; μmol H2O2 min−1L−1mg protein−1), glutathione
peroxidased (GPX; unit mg protein−1), and glutathione
reductasee (GR; unit mg protein−1), and oxidative damage in
lipids (thiobarbituric acid-reactive substances; TBARS; nmol
MDA mg protein−1)f and in protein thiolsg (Protein −SH;
μmol –SH mg protein−1) and protein carbonylsh (Protein
C=O; μmol C=O mg protein−1) of human lymphocytes (1×
106cell mL−1) treated with 5 µM ASTA for 24 h

Control ASTA 5 μM

Total SODa 12.1±1.2 22.9±1.8*

MnSODb 13.2±1.1 13.3±1.2

CATc 2.34±0.33 4.32±0.47*

GPXd 1.22±0.14 1.02±0.10

GRe 31.0±5.3 39.6±4.4

TBARSf 17.04±1.40 10.30±1.87*

Protein –SHg 158.4±13.9 218.0±10.6*

Protein C = Oh 22.60±0.43 22.15±0.28

*p<0.05 (n≥4)
a Total SOD expressed in (unit mg protein−1 )
bMnSOD expressed in (unit mg protein−1 )
c CAT expressed in (μmol H2O2 min−1 L−1 mg protein−1 )
d GPX expressed in (unit mg protein−1 )
e GR expressed in (unit mg protein−1 )
f TBARS expressed in (nmol MDA mg protein−1 )
g Protein –SH expressed in (μmol –SH mg protein−1 ); and
Protein C=O expressed in (μmol C=O mg protein−1 )
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0

100

200

300

400

500

*
nM

 [
C

a+
2 ] i

Fig. 5 Total intracellular Ca2+ mobilization (nM) in ASTA-
treated human lymphocytes. Cells (1×106/well) were previously
loaded with 5 µM Fura 2-AM during 1 h and then incubated
with 5 µM ASTA for extra 60 min. The results are presented as
mean ± SEM (n≥5). *p<0.05 compared to control group
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tives and sustain steady-state levels in tissues (Yeum
et al. 1996); and (c) putative participation of carote-
noids and/or their metabolites in gene expression of
antioxidant enzymes via NF-кB pathways (Kim et al.
2008). In our study, it is possible that the single dose
of 5 µM ASTA efficiently afforded antioxidant
protection to lymphocytes for the short-term assays.
Afterwards, the induction of antioxidant frontline
enzymes SOD (mainly the cytosolic isoform CuZn
SOD) and peroxisomal CAT was apparently required
to reestablish the intracellular redox balance in
cultured lymphocytes. We cannot discard the partic-
ipation of ASTA metabolites in this gene expression
function (Suzuki et al. 2006).

In summary, our data suggest that ASTA displays
interesting anti-inflammatory effects by preserving
redox-sensitive (and essential) structures of human
lymphocytes, although the applied dose apparently
hindered lymphocyte proliferation. This can be
mainly deduced by the increased NO• formation, the
observed reduced O2

•−/H2O2 production, and induced
SOD and CAT activities in parallel to lower indexes
of oxidative injury in lipids and proteins. Despite that
such relatively high ASTA doses are improbable to be
achieved in vivo, the search for an optimal ASTA con-
centration that could compensate lower membrane/
protein lesions with suitable levels of vital redox signals
for sustaining immune cell functions is still open for
further studies. This information is crucial in order to
properly address the indication of ASTA as a nutritional
therapy for prevention/prophylaxy of immune-impaired
diseases, such as type 2 diabetes, sepsis, and cardiovas-
cular disorders.
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