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Abstract
Objectives: The anti-cancer potential of melatonin
has been examined using a variety of experimental
approaches. Melatonin immunomodulatory action
was evaluated against the lung cancer cell line SK-
LU-1, in co-culture with human peripheral blood
mononuclear cells (PBMC).
Materials and methods: Melatonin was tested on
the cell line only after 24 h incubation (direct
effect), and on the co-culture system of SK-LU-1
and PBMC to investigate any indirect effect. Apop-
totic induction of the cancer cells was assessed
using annexin V/PI staining with flow cytometric
analysis for membrane alteration. Intracellular
superoxide anion (O2

•�) and hydrogen peroxide
(H2O2) for intracellular oxidative stress and gluta-
thione (GSH) for intracellular anti-oxidation were
measured with specific fluorescence probes. DNA
fractions were measured employing propidium
iodide (PI) fluorescence staining.
Results: High doses of melatonin were directly
toxic to SK-LU-1 cells, while PBMC-mediated
indirect effect occurred after moderate doses
(1 lM). Under co-culture conditions, increases in
apoptotic cell death, increase in oxidative stress by
reduction of GSH and cell cycle arrest in G0/G1 in
SK-LU-1 cells, were observed as the immunomod-
ulatory effect of melatonin.
Conclusion: Melatonin had indirect effects on lung
cancer cells by enhancement of immunomodulatory

effects, but further studies of mechanism(s)
involved are needed.

Introduction

Non-small cell lung cancer (NSCLC) accounts for
around 60% of all lung malignancies (1) and has a
5-year relative survival rate of only 16%, for all stages
(2). The relapse pattern typically shows that treatment
does not completely cause tumour remission, with med-
ian time to progression being 4.5–23.7 months (1); thus
effective strategies for improving outcome after treat-
ment are needed (3).

Melatonin (N-acetyl-5-methoxytryptamine), an in-
doleamine molecule produced primarily by the pineal
gland. It is secreted into the blood circulation in a rhyth-
mical pattern with nocturnal elevation (4), and com-
monly recognised to control circadian rhythms (5). As a
potent chronobiotic, melatonin is frequently used to treat
insomnia, jet lag (6), migraine (7) and headaches (8). In
addition, numerous studies have reported its antioxidant
(9,10), anti-inflammatory (11) and anti-malignant (12)
effects along with its immunomodulatory potential (13),
involving various intracellular mechanisms. Previously,
direct melatonin activity against breast cancer (14,15),
hepatocellular carcinoma (16,17) and leukaemia (18)
have been demonstrated. These effects are exerted due
to its anti-proliferative action (on breast cancer cells
(14)) as well as by induction of apoptosis (for example
on breast cancer cells (15) and hepatocellular carcinoma
cell lines (16)); apoptosis is a well known programmed
cell death mechanism that avoids an inflammatory
response (19). On the other hand, pro-oxidant effects of
melatonin evoked by increasing intracellular reactive
oxygen species (ROS) have been reported in leukaemia
cancer cell lines, leading to inhibition of cancer cell
proliferation (18). Growth inhibition of hepatocellular
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carcinoma by melatonin through arrest of the cell cycle
in the G2/M phase, leading to reduced cell proliferation,
has also been reported (16). Likewise, using an animal
model has shown that pinealectomized hamsters, thus
with endogenous melatonin deficiency, had increased
tumour growth compared to controls, which was antago-
nized by treatment with exogenous melatonin (20).

The goal of efficient cancer treatment is to specifi-
cally target tumour cells while avoiding undesirable side
effects on normal healthy tissue (21). To achieve this,
immunotherapeutical strategies involving activation of
the immune system specifically to recognize and elimi-
nate malignant cells, are of interest (22). Immunotherapy
aims to augment a weak immune response of the host to
its tumour by stimulating cytokines to activate immune
cell function and/or proliferation (23), or else by admin-
istrating tumour-specific antibodies or T cells. These
lead to limiting growth or destroying the tumour (24).
Immunomodulation by melatonin has been reported to
stimulate particular cytokine gene expression and to
increase numbers of immune cells (13,25). Melatonin-
induced cytokine production has been shown in human
peripheral blood mononuclear cells (PBMC) for IL-1
(26), IL-2, IL-6 (27,28), IL-12 (29) and IFN-c (28), as
well as for TNF-a in mice (13) and IL-7 in rat thymic
epithelial cells (30). Melatonin administration to pinea-
lectomized mice bearing lung carcinoma also caused sig-
nificant increases in thymic efficiency by recovery of
thymulin activity, increase in IL-2 production, reduction
in tumour volume (31) and increase in granulocyte/mac-
rophage-colony forming units, in animals receiving che-
motherapy (32). On the other hand, melatonin was also
reported to suppress a release of IL-10 from human
immune cells (25,33). IL-10 is known as an inhibitory
cytokine that suppresses synthesis and secretion of other
cytokines from T helper 1 (Th1) cells and macrophages,
leading to inhibition of the immune cell response (23).

Taken together, these findings indicate that melato-
nin can contribute to inhibition of growth or to induce
cancer cell death by modulation of immune cell func-
tion. The previously studied co-culture system of mela-
noma and monocytes has shown that melatonin
increased cytotoxicity (stimulation of cancer cell death)
of monocytes against A375 human melanoma cell line
(34). Increasing levels of hydrogen peroxide (H2O2),
nitric oxide (NO2), superoxide anion (O2

•�) and IL-1 in
monocytes was reported, suggesting involvement of
melatonin-induced enhancement of monocyte cytotoxic-
ity (34); however, the mechanisms by which melatonin
affected immune cell activity to induce cancer cell death
are still unknown. Moreover, only little published data
provide controversial results concerning melatonin
effects on lung cancer A549 cell line (35,36).

This study has aimed, therefore, to study anti-can-
cer activity of melatonin against NSCLC cells via
immunomodulation. As cisplatin is the first-line treat-
ment for NSCLC in a majority of countries (3), we
used cisplatin-sensitive NSCLC grade III (SK-LU-1)
in in vitro co-culture with human PBMC. Apoptotic
induction in the cancer cells was evaluated using
annexin V and propidium iodide (PI) staining. Intra-
cellular H2O2, O2

•� and glutathione (GSH) levels were
measured by fluorescent probes to evaluate oxidative
status of cancer cells. DNA fractions were measured
by PI fluorescence staining to define cell populations
in each cell cycle phase.

Materials and methods

Cell line and reagents

Human lung adenocarcinoma cisplatin-sensitive cell line
(SK-LU-1) was obtained from Cell Line Service – CLS
(Eppelheim, Germany). Dulbecco’s modified Eagle’s
medium (DMEM), Roswell Park Memorial Institute
(RPMI) 1640 medium and 0.25% trypsin-EDTA (1X)
were from Gibco, Invitrogen Life Technologies, Barce-
lona, Spain. Melatonin (GMP) was from Huanggang
Saikang Pharmaceutical Co. Ltd., Hubei, China (Batch
No.: 201111001) with purity confirmed at >99.4% by
differential scanning colorimetry (DSC) and high-perfor-
mance liquid chromatography (HPLC). Ficoll-Paque Plus
(density 1.077 g/ml) was purchased from Amersham
Biosciences (Piscataway, NJ, USA) and 3-(4, 5-
dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bro-
mide (MTT) from Amresco LLC (Solon, OH, USA).
Mitogens concanavalin A (Con A) and lipopolysaccha-
ride (LPS) from Escherichia coli as well as 20,70-dichlo-
rodihydrofluorescein diacetate (DCFH-DA) and
dihydroethidium (DHE) were from Sigma-Aldrich (St.
Louis, MO, USA), while 5-chloromethylfluorescein di-
acetate (CMF-DA) was from Molecular Probes (Eugene,
OR, USA). FITC-conjugated annexin V and PI were
from eBioscience, San Diego, CA, USA (cat no. 88-
8005-74); PI was purchased from Sigma-Aldrich Ltd.
(Gillingham, Dorset, UK). DMSO was from Lab-Scan,
Analytical Science, Ireland and other reagents were
bought from standard commercially available suppliers.

SK-LU-1 cell line and PBMC culture

The SK-LU-1 cells were cultured in DMEM supple-
mented with 10% foetal bovine serum (FBS), 100 U/ml
penicillin and 100 lg/ml streptomycin. Human PBMC
were isolated from venous blood taken at around
9.00 am throughout this research, and diluted with PBS
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(1:1). PBMC were isolated by centrifugation at 400 g
for 35 min on Ficoll-Paque Plus. The lymphocyte inter-
face was carefully removed, washed twice in RPMI-
1640 and resuspended in RPMI-1640 supplemented with
10% foetal calf serum (FCS), 20 mM HEPES, 100 U/ml
penicillin, 100 lg/ml streptomycin and mitogens LPS
(5 ng/ml) and Con A (1 lg/ml) were used to maintain
viable PBMC in culture conditions (37,38). Cell num-
bers were counted employing the trypan blue exclusion
assay, using a haemocytometer; viable cells exclude the
dye, while dead cells take it up and become stained
blue.

Melatonin treatment and cell viability measurement:
MTT reduction assay

Melatonin solutions were freshly prepared by dissolving
in less than 1% dimethyl sulphoxide (DMSO) in culture
media, to reach final concentrations of melatonin at
1 nM, 1 lM and 1 mM, further defined as low, medium
and high doses respectively. For the cell viability assay,
SK-LU-1 cells (5 9 103 cells) or PBMC (5 9 104 cells)
were plated in triplicate in 96-well plates and treated
with low, medium and high concentrations of melatonin
for 24 h after seeding. Metabolic activity of SK-LU-1
and PBMC cells was measured using the MTT assay, in
which it is converted to formazan crystals by viable
cells (as described by Yeap et al., 2007, with minor
modification) (39). MTT solution (final concentration
0.5 mg/ml) was added to cells after 21 h treatment and
left for a further 3 h. Then reaction plates were centri-
fuged at 600 g for 10 min before excess MTT solution
was removed and formazan crystals dissolved in 200 ll
DMSO. Absorbance was measured at 555 nm reference

wavelength at 650 nm, by a microplate reader (Sunrise,
Tecan Group, Mannedorf, Switzerland).

Co-culture conditions and melatonin treatment

For co-culture observations, human PBMC either non-
pretreated or pre-treated for 24 h with melatonin at
1 lM, were used as effector cells (E) for SK-LU-1 (tar-
get cells, T) seeded in triplicate on 24-well plates at E:T
ratio 2:1. Co-culture was maintained for 24 h with or
without additional treatment with melatonin (1 lM).
Results obtained for SK-LU-1 culture alone (control
group) were compared to four groups of different
co-culture conditions (Table 1). After 24 h co-culture
incubation, SK-LU-1 cells were tested for apoptotic cell
death, intracellular content of O2

•�, H2O2, reduced GSH
and cell cycle phase distribution, using the methods
described below.

Detection of apoptosis by annexin V/PI staining

Annexin V and PI staining were performed to determine
the mode of SK-LU-1 cell death in the co-culture sys-
tem with PBMC. Staining with annexin V allows study
of apoptosis, while necrotic cells with internal and exter-
nal membrane disruption become stained by the vital
dye PI (40). At the end of the co-culture period, both
SK-LU-1 and PBMC were detached using 0.25% tryp-
sin-EDTA, washed once in PBS and centrifuged at 700
g for 5 min. Then, supernatant was discarded and pellets
were resuspended in 95 ll of binding buffer (HEPES-
buffered saline supplemented with 25 mM CaCl2). Cells
were stained with annexin V-FITC (5 ll) for 15 min,
followed by 100 ll of PI solution (5 ll of PI in 95 ll

Table 1. Culture conditions and melatonin treatment in first 24 h of PBMC or SK-LU-1 culture and next 24 h of co-culture period

Group Description of group Individual incubation
(First 24 h)

Co-culture period
(Last 24 h)

PBMC (E) SK-LU-1 (T) Melatonin additional

Control SK-LU-1 incubated alone Absent Non-treated Absent
I Co-culture of SK-LU-1

with PBMC
Non-pretreated with melatonin Non-treated Absent

II Co-culture of SK-LU-1
with PBMC then incubated
with additional melatonin

Non-pretreated with melatonin Non-treated Present

III Co-culture of SK-LU-1
with melatonin pre-treated PBMC

Pre-treated with melatonin Non-treated Absent

IV Co-culture of SK-LU-1
with melatonin pre-treated PBMC
then incubated with additional
melatonin

Pre-treated with melatonin Non-treated Present
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of binding buffer) for further 15 min in the dark at room
temperature. Apoptotic and necrotic cell death were
assessed by flow cytometry (BD FACSCanto II, BD
Biosciences, San Jose, CA, USA) within 1 h after stain-
ing. SK-LU-1 cells were gated and separated from
PBMC by size and cell component (granularity), then
percentage of annexin V stained, (that is, apoptotic cells)
was calculated using BD FACSDiva software (BD Bio-
sciences, San Jose, CA, USA).

Determination of intracellular superoxide anion level

DHE is converted to ethidium by superoxide anion
present in cells (41). After co-culture incubation, all
cells were trypsinized using 0.25% trypsin-EDTA,
washed in PBS and centrifuged at 700 g for 5 min.
Subsequently, supernatant was discarded and pellets
were stained with 5 lM DHE for 20 min in serum-free
medium, in the dark. Then, cell pellets were washed
once in PBS and analysed by flow cytometry. Intracel-
lular O2

•� production was expressed as median fluores-
cence intensity (MFI), calculated using BD FACSDiva
software.

Determination of intracellular hydrogen peroxide level

After penetrating into cells, DCFH-DA is converted to
fluorescent dichlorofluorescein (DCF) by intracellular
hydrogen peroxide (42). Following co-culture incuba-
tion, all cells were trypsinized with 0.25% Trypsin-
EDTA, washed in PBS and centrifuged at 700 g for
5 min. Supernatant was discarded and pellets were
stained, in the dark, with 10 lM DCFH-DA in serum-
free medium. After 30 min incubation, pellets were
washed once in PBS then analysed by flow cytometry.
Intracellular H2O2 production was expressed as MFI,
calculated by BD FACSDiva software.

Determination of intracellular glutathione (GSH) level

CMF-DA conjugates with GSH after crossing cell mem-
branes and subsequently, the acetate group is cleaved
from the conjugate by intracellular esterases, to form
fluorescent 5-chloromethylfluorescein (41). In brief, after
co-culture incubation, all cells were trypsinized with
0.25% trypsin-EDTA, washed in PBS and centrifuged at
700 g for 5 min. Then supernatant was discarded and
pellets were incubated with 5 lM CMF-DA in serum-
free medium for 15 min in the dark. Next, dye was
washed out and cells were resuspended in PBS, then
assayed using flow cytometry. CMF fluorescence inten-
sity was measured and calculated by BD FACSDiva
software. Population of SK-LU-1 cells with normal

CMF intensity was expressed as percentage of “normal
GSH level cells”.

Cell cycle phase determination by PI staining

Distribution of cells in different phases of the cell cycle
was evaluated by flow cytometry. This determination is
based on measurement of DNA content of nuclei stained
with PI (43). After co-culture incubation, all cells were
trypsinized with 0.25% trypsin-EDTA, then washed in
PBS and centrifuged at 700 g for 5 min. Supernatant
was discarded and pellets were fixed overnight at 4 °C
using cold ethanol (70%). Then, cells were incubated in
1 ml PI staining solution (50 lg/ml) for 1 h in the dark.
DNA fraction was analysed using flow cytometry. Rela-
tive proportions of G0/G1, S and G2/M cells were calcu-
lated using BD FACSDiva software.

Statistical analysis

Results are expressed as mean values (�SD) and statisti-
cal comparisons were carried out using one-way
ANOVA (SPSS, SPSS Inc., Chicago, IL, USA). Statisti-
cal significance was accepted within the 95% confidence
limit (P < 0.05).

Results

Direct effect of melatonin on SK-LU-1 cells and PBMC
in culture

MTT reduction assay of SK-LU-1 cells incubated for
24 h with melatonin in concentrations from 1 nM to
1 mM showed significantly reduced viability
(92.7 � 2.7% compared to control), whereas effect of
melatonin at lower concentrations was not seen
(Fig. 1a). On the contrary, two lower melatonin doses
(1 nM and 1 lM) significantly increased PBMC viability
by 11.3 � 2.0% and 13.2 � 1.3% respectively
(Fig. 1b). Thus, for further experiments the medium
(1 lM) melatonin dose, being non-toxic directly to
SK-LU-1 lung cancer cells and significantly stimulating
viability of PBMC, was used.

Enhancement of SK-LU-1 apoptosis by melatonin in
PBMC co-culture

The effect of melatonin on SK-LU-1 cell apoptosis was
evaluated in co-culture with PBMC (Fig. 2). Percentage
of annexin V- and PI-stained cells in co-culture
(Fig. 2b–e) was compared to that in control SK-LU-1
cells incubated alone (Fig. 2a). Additional presence of
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melatonin in group II and IV increased late apoptotic
cells (both annexin V and PI stained) to 9.5% and
11.7%, respectively (Fig. 2c and 2e) compared to 5.0%

in group I (Fig. 2b). Ratio of percentage of annexin V/
PI-stained SK-LU-1 cells measured in each co-culture
condition versus those from control group I was
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Figure 1. Effect of melatonin on viability
of SK-LU-1 (a) and human PBMC (b) in
culture, evaluated by MTT reduction
assay. Viability of melatonin-treated cells
expressed as percent versus control, cultured
without melatonin addition. Triplicate samples
were averaged for each group. Error bars
show SD of triplicate experiments (n = 9).
*P < 0.05 versus untreated cells.

(d) (e) 

(b) (a) (c) 

(f)

Figure 2. Apoptosis of SK-LU-1 cells
co-cultured for 24 h with PBMC in the
absence or presence of melatonin, mea-
sured by flow cytometry after staining with
annexin V/PI. Flow cytometry results of
apoptosis are shown in four subpopulations
which indicate: early apoptotic cells (lower
right), late apoptotic cells (upper right), nor-
mal cells (lower left) and necrotic cells (upper
left). (a) SK-LU-1 cell line alone (control);
(b) SK-LU-1 co-cultured with PBMC (group
I); (c) SK-LU-1 co-cultured with PBMC in
the presence of melatonin (group II); (d) SK-
LU-1 co-cultured with PBMC pre-treated
(pre-tx) with melatonin (group III); (d) SK-
LU-1 co-cultured in the presence of melatonin
with PBMC pre-treated with melatonin (group
IV); and level of SK-LU-1 cell apoptosis
expressed as ratio of percentage of apoptotic
cells measured in the various co-culture
conditions versus control – bar graph
(mean � SD of at least three experiments).
*P < 0.05 versus untreated SK-LU-1 cells,
aP < 0.05 versus SK-LU-1 in co-culture sys-
tem.
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calculated, Fig. 2f. Co-culture of SK-LU-1 with PBMC
significantly increased the ratio of apoptotic SK-LU-1
cells by 1.5 � 0.2 times. Addition of melatonin to
co-culture (group II) significantly increased level of
apoptosis 2.1 � 0.3 times. Co-culture of SK-LU-1 with
melatonin pre-treated PBMC (group III) also increased
the level of apoptosis to 2.1 � 0.3 times, which further
increased to 2.3 � 0.1 times in additional presence of
melatonin (group IV).

Enhancement of SK-LU-1 intracellular oxidative stress
by melatonin in PBMC co-culture

Intracellular level of O2
•� in SK-LU-1 cells co-cultured

with PBMC (group I) significantly increased (1.5 � 0.1-
fold) in comparison to the control culture, while melato-
nin addition under any conditions (group II to IV) did
not modify this effect (Fig. 2a). In the same co-culture

conditions, intracellular level of H2O2 did not change
significantly (0.7 � 0.2-fold) and was not further modi-
fied by melatonin addition (Fig. 3b). Contrarily, intracel-
lular content of GSH decreased significantly in SK-LU-
1 cells co-cultured with PBMC alone (0.8-fold) and this
effect was significantly reinforced by melatonin addition
to the co-culture (Fig. 3c).

G0/G1 phase of SK-LU-1 cells was arrested by
melatonin in PBMC co-culture

Cell cycle phases under co-culture conditions (Fig. 4c–f)
were compared to the control group of SK-LU-1 cells
incubated alone (Fig. 4a). Melatonin significantly
increased numbers of SK-LU-1 cells in G2/M from
20.8 � 0.0% to 22.4 � 0.7% (Fig. 4b) compared con-
trol SK-LU-1 incubated alone (Fig. 4a). Co-culturing
SK-LU-1 with PBMC (group I, Fig. 4c) significantly
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Figure 3. Relative intracellular content of (a) superoxide anion (O2
•�), (b) hydrogen peroxide (H2O2) and (c) glutathione (GSH) in SK-LU-

1 cells co-cultured with PBMC in the presence of melatonin under the different experimental conditions. Ratio of intracellular O2
•� and H2O2

expressed as fold of fluorescence intensity measured in co-culture conditions versus control. Ratio of normal GSH level cells expressed as fold of
normal GSH level cells (%) measured in co-culture conditions versus control. Error bars – SD of at least two experiments (n = 6). *P < 0.05 versus
untreated SK-LU-1 cells, aP < 0.05 versus SK-LU-1 in co-culture system.
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reduced frequency of G2/M phase to 18.8 � 0.7%,
having no effect on G0/G1 and S phases. Under co-
culture conditions supplemented with melatonin (group
II and IV, Fig. 4d and 4f), a significant increase in
G0/G1 phase from 59.5 � 2.5% to 63.3 � 0.7–
64.2 � 0.7% concomitant with significant reduction in
frequency of G2/M phase cells (16.5 � 0.4 –
15.8 � 0.4%) was observed. However, cell number in
G0/G1 phase of SK-LU-1 in melatonin pre-treated
PBMC co-culture (group III, Fig. 4e) was similar to
co-culture alone (group I).

Discussion

To investigate the widely accepted direct anti-tumour
activity of melatonin (12,14–16,18) on NSCLC treat-
ment, we elaborated an experimental protocol in which
the SK-LU-1 cisplatin-sensitive lung cancer cell line

was co-cultured with human PBMC pre-treated or/and
supplemented with melatonin. Our preliminary experi-
ments demonstrated that melatonin added at high dose
(1 mM) inhibited SK-LU-1 cell growth after 24 h incu-
bation. This supports the result of Sanchez-Sanchez
et al. (2011) obtained with a different type of lung can-
cer cell, cisplatin non-sensitive A549, where 1 mM mela-
tonin inhibited their proliferation after 72 h incubation,
without influence on cell antioxidant capacity (35).
However, such results are still controversial, as other
research groups (36) have not found any change in num-
ber of A549 cells in culture after exposure to 0.1 and
1 mM melatonin for 24 h (36). These results suggest that
the SK-LU-1 cell line might be more sensitive to mela-
tonin than A549 cells, as the inhibitory effect occurred
earlier, at 24 h co-culture, which seems to be more
applicable to treatment in cisplatin-sensitive conditions.
These studies also indicate that the response of cancer

(c)(a)

(d) (e) (f)

(G)

(b) 

Figure 4. Alterations in cell cycle phase
frequency measured in SK-LU-1 cell line
co-cultured PBMC and differently supple-
mented with melatonin; evaluated by flow
cytometry. Each experiment was repeated
twice, while DNA fraction profile from one
representative experiment is shown: (a) SK-
LU-1 cell alone (control); (b) SK-LU-1 trea-
ted with melatonin; (c) SK-LU-1 co-cultured
with PBMC (group I); (d) SK-LU-1 co-cul-
tured with PBMC in the presence of melato-
nin (group II); (e) SK-LU-1 co-cultured with
PBMC pre-treated with melatonin (group III);
and (f) SK-LU-1 co-cultured in the presence
of melatonin with PBMC pre-treated with
melatonin (group IV). (g) Percentage of cell
number of each cell cycle phase found in dif-
ferently treated co-culture with PBMC com-
pared to those incubated alone, – bar graph
(mean � SD of duplicate experiments).
*P < 0.05 versus untreated SK-LU-1 cells,
aP < 0.05 versus SK-LU-1 in co-culture sys-
tem.
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cell lines varies widely, even under identical treatment
conditions (35,36).

Immunomodulation-enhancing efficacy of the
immune system receives considerable interest as part of
a search for new effective anti-cancer therapies (44). In
our experimental protocol, melatonin used at low and
medium concentrations (1 nM and 1 lM respectively)
and had a mitogenic effect on human PBMCs, in cul-
ture. This is in line with the previously reported ability
of melatonin to lower production of inhibitory cytokine
IL-10, by Th2 lymphocytes, leading thereby to increase
in their proliferation (25). Induction of immune cell pro-
liferation may be mediated via MT2 melatonin mem-
brane receptors as reported in melatonin-treated mouse
splenocytes (45).

A previous study of human melanoma cell line
A375 and monocytes in co-culture demonstrated that
melatonin activated monocytes and induced their cyto-
toxic effects against A375 cells evaluated by MTT assay
(34). As preferable melatonin binding to human Th lym-
phocytes and monocytes has been demonstrated, these
subpopulations seem to be the primary melatonin target
within human PBMC (46). Thus, we used PBMC
co-culture with SK-LU-1 as a model to examine immu-
nomodulatory effects of melatonin on his lung cancer
cell line. Flow cytometry performed on the annexin V/
PI-stained cells resulted in increase in frequency of
number of apoptotic SK-LU-1 cells in co-culture with
melatonin-activated PBMC. Moreover, pro-apoptotic
effects of co-culture on SK-LU-1 cells was similar,
regardless of mode of melatonin addition, melatonin
added to the co-culture (group II) versus pre-treatment
of PBMC with melatonin (group III) versus both (group
IV). Results obtained in SK-LU-1 co-culture with mela-
tonin pre-treated PBMC (group III) particularly suggest
immune-enhancing effects of melatonin exerted before
contact with the target cells. More intense late apoptosis
observed after additional presence of melatonin in
co-culture (groups II and IV) suggests increase in
SK-LU-1 cell line sensitivity to enter into the end state.
On the other hand, it has been demonstrated that acti-
vated PBMC are able to synthesize and secrete endoge-
nous melatonin, exerting intra-, auto- and paracrine
immunomodulatory effects (47,48). Thus, enhanced SK-
LU-1 cancer cell apoptosis in co-culture with PBMC
might result from immunomodulatory effects of melato-
nin, of both exo- and endogenous origin.

In the experimental protocol applied here, a signifi-
cant increase in intracellular O2

•� level accompanied by
reduction in GSH and no change in H2O2 were observed
in SK-LU-1 cells co-cultured with PBMC for 24 h, sug-
gesting involvement of oxidative imbalance of target
SK-LU-1 cells. Melatonin introduced to the co-culture

caused further depletion of intracellular GSH in the SK-
LU-1 cells with no effect on O2

•� and H2O2, which can
be interpreted as higher oxidative stress of target cells,
due to action of melatonin. Reactive oxygen species
(ROS) play an important role in normal physiological
signalling pathways (49). High levels of ROS, however,
increase DNA damage and ATP depletion via inhibition
of Akt phosphorylation leading to induction of apoptosis
(43,50,51). Morrey et al. have shown that induction of
H2O2, NO2 and O2

•� in monocytes can be involved in
the mechanism of cytotoxic activity of melatonin-acti-
vated monocytes at 0.5–12 h incubation (34). Depletion
of GSH in SK-LU-1 cells observed in our experimental
protocol in vitro might result from scavenging of H2O2.
It is also possible that 24 h incubation applied in our
protocol (much longer than that described by Morrey
et al. (1994)), may be the reason for observed differ-
ences in intracellular ROS production.

The low molecular weight intracellular thiol com-
pound, GSH, is central in cell redox buffering capacity
and primarily maintains appropriate cell oxidative status
(52). Our study showed that SK-LU-1 cell depletion of
GSH was concomitant with G0/G1 phase arrest induction
in co-culture with melatonin-supplemented PBMC.
These results support published data that alteration in
redox state causes a delay in progression from G0/G1 to
S phase, in mouse embryo fibroblasts (53). Elevated
intracellular ROS content generated in the CaCo-2 cell
line by lipid hydroperoxide, leading to reduction in
GSH/GSSG ratio is known to be a factor responsible for
cell arrest in G0/G1 phase and diminished proliferation
(54). Therefore, SK-LU-1 cell cycle arrest observed
here, may result from change in intracellular oxidative
balance caused by melatonin under co-culture conditions
applied. Increased SK-LU-1 cell arrest in G0/G1

observed after additional presence of melatonin in co-
culture (groups II and IV) suggests increase in SK-LU-1
cell line sensitivity to enter into G0/G1 phase. A possible
mechanism of blocking G1 phase is disruption of the
actin cytoskeleton (55) by melatonin as a cytoskeletal
modulator (56)

In summary, direct cytotoxic activity of melatonin at
high doses, on lung cancer cell line SK-LU-1 was
observed in culture. In contrast, an indirect effect was
exhibited at lower doses, enhancing human PBMC to
counteract proliferation of cancer cells. Increased apop-
totic cell death, arrest of cell cycle phase and imbalance
of oxidative status in the cancer cell lie were observed,
as the immunomodulatory effect of melatonin in co-cul-
ture. These results imply that melatonin had an indirect
effect on these lung cancer cells by enhancement
of immunomodulatory activity. Further study is
needed to identify mechanism(s) involved in melatonin
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immunomodulatory action towards malignant cells in
co-culture with immune cells. However, a set of melato-
nin and cisplatin combination treatment in clinical trials
must be performed before application of melatonin as
the supplementary (supporting) agent for therapeutic use
for NSCLC treatment.
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