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Protective effect of melatonin against human leukocyte apoptosis
induced by intracellular calcium overload: relation with its

antioxidant actions

Abstract: Apoptosis or programmed cell death plays a critical role in both
inflammatory and immune responses. Recent evidence demonstrates that
control of leukocyte apoptosis is one of the most striking immune system-
related roles of melatonin. For this reason, this study evaluated the
protective effects of melatonin on human leukocyte apoptosis induced by
sustained cytosolic calcium increases. Such protective effects are likely
mediated by melatonin’s free-radical scavenging actions. Treatments with the
specific inhibitor of cytosolic calcium re-uptake, thapsigargin (TG), and/or
the calcium-mobilizing agonist, N-formyl-methionyl-leucyl-phenylalanine
(FMLP), induced intracellular reactive oxygen species (ROS) production,
caspase activation as well as DNA fragmentation in human leukocytes. Also,
TG- and/or FMLP-induced apoptosis was dependent on both cytosolic
calcium increases and calcium uptake into mitochondria, because when cells
were preincubated with the cytosolic calcium chelator, dimethyl BAPTA,
and the inhibitor of mitochondrial calcium uptake, Ru360, TG- and FMLP-
induced apoptosis was largely inhibited. Importantly, melatonin treatment
substantially prevented intracellular ROS production, reversed caspase
activation, and forestalled DNA fragmentation induced by TG and FMLP.
Similar results were obtained by preincubating the cells with another well-
known antioxidant, i.e., N-acetyl-L-cysteine. To sum up, depletion of
intracellular calcium stores induced by TG and/or FMLP triggers different
apoptotic events in human leukocytes that are dependent on calcium
signaling. The protective effects resulting from melatonin administration on
leukocyte apoptosis likely depend on melatonin’s antioxidant action because
we proved that this protection is melatonin receptor independent. These
findings help to understand how melatonin controls apoptosis in cells of
immune/inflammatory relevance.
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Introduction

The mode of cell death has major biological consequences.
Whereas necrosis leads to plasma membrane rupture,
release of proinflammatory intracellular molecules and
collateral tissue damage, apoptosis removes redundant cells
and maintains tissue homeostasis in a safe and nonimmu-
nogenic manner [1]. Physiologically coordinated apoptosis
is a critical goal of homeostasis, and a failure to properly
control this process leads to hyper- or hypoproliferative
disorders [2]. In this sense, apoptosis plays a critical role in
the inflammatory and immune responses by regulating the
maturation rate of B and T cells and maintaining/contrast-
ing viability of cells engaged in the inflammatory sites [3, 4].
In addition, apoptosis precludes inflammation by confining
noxious molecules within intact cell corpses marked for
rapid recognition and clearance, typically by professional
phagocytes such as neutrophils and macrophages [5, 6].

Although calcium is a key regulator of cell survival, the
sustained and prolonged elevation of intracellular calcium
plays an important role in cell death [7]. In this regard, we
have previously demonstrated that both the specific inhib-
itor of calcium re-uptake thapsigargin (TG) and the
calcium-mobilizing agonist N-formyl-methionyl-leucyl-
phenylalanine (FMLP) are able to induce a mitochon-
drial-dependent apoptosis program in human leukocytes,
which is associated with the induction of mitochondrial
permeability transition pore [8]. On the other hand,
apoptosis also can be stimulated by oxidative stress per
se, what it has been demonstrated in several cell types [7, 9].

Melatonin (N-acetyl-5-methoxytryptamine) is a highly
conserved molecule found in organism from unicells to
vertebrates [10, 11] and also has pleiotropic bioactivities
that encompass numerous endocrinological and behavioral
processes [10, 12, 13]. Chemically, melatonin and its
metabolites can function as endogenous free-radical scav-
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engers and broad-spectrum antioxidants [14, 15]. Thus,
under conditions such as ischemia/reperfusion injury,
neuronal excitotoxicity, and chronic inflammation, where
the oxidative environment is the direct cause of cell death,
melatonin was shown to counteract apoptosis by exerting
its potent radical scavenging ability [16, 17]. Moreover,
because melatonin easily reaches all cellular and subcellular
compartments because of its small size and amphiphilic
nature [18], most of the beneficial consequences resulting
from melatonin administration may depend on its effect on
mitochondrial physiology [19, 20].

Interestingly, emerging evidence demonstrates an unfore-
seen role of melatonin in the control of immune and
inflammatory responses, showing that leukocytes possess
all the enzymatic machinery necessary to synthesize mela-
tonin from tryptophan [21] as well as the proper receptors
MTI1/MT?2 [22], thereby being an autonomous compart-
ment as far as melatonin responses are concerned. Accord-
ingly, much evidence demonstrates that control of
leukocyte apoptosis is one of the most striking immune
system-related roles of melatonin [8, 23]. For this reason, it
is important to clarify how melatonin controls apoptosis in
cells of immune/inflammatory relevance. Additionally,
melatonin was found to be at extremely high concentrations
in bone marrow [24], thus possibly accounting for the
intriguing observation that higher levels of melatonin are
required for apoptosis control than for neuroendocrine
functions.

In the present study, we demonstrated that TG- and/or
FMLP-induced apoptosis in human leukocytes is likely
triggered owing to intracellular calcium increases and is
also dependent on mitochondrial calcium overload. More-
over, we evaluated the protective effect of melatonin on
apoptosis induced by sustained intracellular calcium
increases. We also proved that the beneficial consequences
resulting from melatonin administration likely depend on
its antioxidant effect.

Materials and methods
Reagents

Melatonin, RPMI-1640 medium, Ficoll-Histopaque
separating medium, FMLP, 2-benzyl-N-acetyltryptamine
(luzindole), polyethylene glycol-catalase (PEG-catalase),
N-acetyl-L-cysteine (NAC), reduced glutathione (GSH),
N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (AC-
DEVD-AMC), nonidet-P-40 substitute (NP40), 2-(N-mor-
pholino) ethanesulfonic acid hydrate (MES hydrate), PEG,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
3-[(3-chomalidopropyl) dimethylammonio]-1-propanesulfo-
nate (CHAPS), and dithiothreitol (DTT) were obtained from
Sigma Chemical Co. (Madrid, Spain). Dihydrorhodamine-
123 (DHR 123), Tris—glycine gels, and TG were from
Molecular Probes (Eugene, OR, USA). N-acetyl-Leu-Glu-
His-Asp-7-amino-4-methylcoumarin ~ (AC-LEHD-AMC)
was purchased from Bachem (Bubendorf, Switzerland).
Anti-caspase-9 (C9), anti-caspase-3 (§G10), and anti-f-actin
(8H10D10) were from Cell Signaling (Danvers, MA, USA).
In situ cell death detection kit was from Roche Diagnostics
(Mannheim, Germany). Hoechst 33342 was obtained from
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Calbiochem (San Diego, CA, USA). All others reagents were
of analytical grade.

Human leukocytes isolation

Venous blood was drawn from healthy volunteers of both
genders and age between 20 and 45 yr old under informed
consent according to a procedure approved by Local
Ethical Committees and in accordance with the Declaration
of Helsinki. Human leukocytes were separated from whole
blood using Ficoll-Histopaque density centrifugation. After
centrifugation at 600 g for 30 min, peripheral blood
mononuclear cells were isolated from the Histopaque-
1077/1119 upper interphase and maintained in RPMI-1640
medium for 1 hr to allow the adherence of monocytes so as
to obtain a pure lymphocyte preparation, as previously
described [8]. Similarly, peripheral blood polymorphonu-
clear cells were harvested from the lower interphase, and
residual erythrocytes were then lysed by the short treatment
of neutrophil pellet with an ice-cold isotonic NH4CI
solution (155 mm NH4CI, 10 mmM KHCO3, 0.1 mm EDTA,
pH 7.4) so as to get a neutrophil-enriched preparation, as
described elsewhere [8]. Cell purity was routinely above
95% in both cell types, after Diff-Quick staining. Once
purified, both neutrophils and lymphocytes were collected
and washed in phosphate-buffered saline (PBS) at 480 g for
10 min. The supernatant was then discarded, and the cell
pellet was gently resuspended in RPMI-1640 medium.

Measurement of intracellular free-calcium
concentration ([CaZ*].)

Leukocytes were loaded with fura-2 by incubation with
4 um fura-2 acetoxymethyl ester (Fura 2-AM) for 30 min at
room temperature according to a procedure published
elsewhere [8]. Once loaded, the cells were washed and used
within the next 2-4 hr. Fluorescence was recorded from
2-mL aliquots of magnetically stirred cellular suspension
(2 x 10° cells/mL) at 37°C by using a spectrofluoropho-
tometer (RF-5301-PC; Shimadzu, Kyoto, Japan) with
excitation wavelengths of 340 and 380 nm and emission
at 505 nm. Changes in [Ca®> "], were monitored by using the
Fura 2-AM 340/380 nm fluorescence ratio and were cali-
brated according to the method of Grynkiewicz et al. [25].
In the experiments where calcium-free medium is indicated,
calcium was omitted and 1 mMm ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) was
added.

Intracellular reactive oxygen species (ROS)
measurement

DHR 123 is a nonfluorescent, noncharged dye that easily
penetrates cell membrane. Once inside the cell, DHR 123
becomes fluorescent upon oxidation to yield rhodamine 123
(Rh 123), fluorescence being proportional to ROS gener-
ation. DHR 123 was found to be a nontoxic and about
threefold more sensitive indicator of granulocyte respira-
tory burst activity than 2’,7’-dichlorofluorescin diacetate
(DCFH-DA) [26, 27]. Briefly, leukocytes (1 x 10° cells/mL)
were washed with serum-free RPMI-1640 medium and



incubated with 20 um DHR 123 at 37°C for 25 min. Cells
were then washed in PBS. The fluorescence intensity of Rh
123 was measured in an automatic microplate reader
(Infinite M200; Tecan Austria GmbH, Groedig, Austria).
Excitation was set at 488 nm and emission at 543 nm.
Treatments were carried out in triplicate. The data are
presented as fold-increase over the pretreatment level
(experimental/control).

Assay for caspase activity

The determination of caspase-3 and caspase-9 activities was
based on a method previously reported [28] with minor
modifications. Stimulated or resting cells were pelleted and
washed once with PBS. After centrifugation, cells were
resuspended in PBS at a concentration of 1 x 107 cells/mL.
Fifteen microliters of the cell suspension was added to a
microplate and mixed with the appropriate peptide sub-
strate dissolved in a standard reaction buffer that was
composed of 100 mm HEPES, pH 7.25, 10% sucrose, 0.1%
CHAPS, 5 mm DTT, 0.001% NP40 and 40 uM of caspase-3
substrate (AC-DEVD-AMC) or 0.1 M MES hydrate, pH
6.5, 10% PEG, 0.1% CHAPS, 5 mm DTT, 0.001% NP40,
and 100 um of caspase-9 substrate (AC-LEHD-AMC).
Substrate cleavage was measured with a microplate reader
(Infinite M200) with excitation wavelength of 360 nm and
emission at 460 nm. Preliminary experiments reported that
caspase-3 or caspase-9 substrate cleaving was not detected
in the presence of the inhibitors of caspase-3 or caspase-9,
DEVD-CMK or z-LEHD-FMK, respectively. The data
were calculated as fluorescence units/mg protein and
presented as fold-increase over the pretreatment level
(experimental/control).

Western blot analysis

One-dimensional sodium dodecyl sulfate (SDS) electropho-
resis was performed with a 4-12% gradient Tris—glycine,
and separated proteins were then electrophoretically trans-
ferred, for 2 hr at 0.8 mA/cm?, in a semi-dry blotter onto
nitrocellulose for subsequent probing. Blots were incubated
overnight with 5% (w/v) nonfat dry milk in Tris-buffered
saline with 0.1% Tween 20 [Tris-buffered saline with
Tween 20 (TBST)] to block residual protein-binding sites.
Blocked membranes were then incubated for 3 hr with the
anticaspase-3 antibody (8G10) and the anticaspase-9 anti-
body (C9) diluted 1:1000 in TBST. The primary antibody
was removed and blots washed three times for 10 min each
with TBST. To detect the primary antibodies, blots were
incubated with the appropriate horseradish peroxidase-
conjugated anti-IgG antibody diluted 1:5000 in TBST,
washed three times in TBST, and exposed to enhanced
chemiluminescence reagents for 5 min. Blots were then
exposed to photographic films, and the optical density was
estimated using scanning densitometry.

In situ detection of DNA fragmentation by TUNEL
and Hoechst staining

At the end of a treatment protocol, human leukocytes were
harvested and washed once with PBS. The cells were then
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fixed with 4% paraformaldehyde [in PBS, pH 7.4, at least
6 hr, room temperature (RT)] and air-dried on slides for
24 hr. Afterward, the air-dried cells were washed twice with
PBS and incubated in permeabilization solution (0.1%
Triton-X-100 in 0.1% sodium citrate, 15 min, RT). The
permeabilization solution was then removed, and terminal
deoxynucleotidyl transferase-mediated dUDP nick-end
labelling (TUNEL) reaction mixture (50 uL) was added,
and the cells were incubated (1 hr, 37°C) in a humidified
chamber. The cells were washed again with PBS and
counterstained with Hoechst 33342 (1 pug/mL) in PBS for
5 min to identify cellular nuclei. The incidence of apoptosis
was assessed under an epifluorescence microscope (BX51;
Olympus Spain S.A.U., Barcelona, Spain) using a FITC
filter. Cells with TUNEL-positive nuclei were considered
apoptotic. Hoechst staining was used to determine the total
number of cells in a field. A minimum of five fields per slide
was used to calculate the percentage of apoptotic cells,
which was expressed as fold-increase over the pretreatment
level (experimental/control).

Statistical analysis

Data are expressed as means = S.E.M. of the numbers of
determinations. To compare the different treatments, sta-
tistical significance was calculated by one-way analysis of
variance followed by the Tukey’s multiple comparison test.
P < 0.05 was considered to indicate a statistically signif-
icant difference.

Results

It has been reported that a prolonged elevation in cytosolic
free-calcium concentration ([Ca®*].) as well as alterations
in calcium homeostasis initiates the mitochondrial apopto-
tic pathway [8] and induces endoplasmic reticulum stress
that, in turn, leads to apoptosis [29]. In the absence of
extracellular calcium (calcium-free medium), fura-2-loaded
human leukocytes were treated with both FMLP and TG.
As shown in Fig. 1A, stimulation with 10 nm FMLP
induced a typical transient increase in [Ca®*]. because of
calcium release from internal stores in human neutrophils.
Similarly, stimulation of human neutrophils or lympho-
cytes with 1 um TG caused a transient increase in [Ca® '],
which reached a stable [Ca®"]. plateau after 5 min of
stimulation (Fig. 1B,C), thus reflecting the release of
calcium from nonmitochondrial agonists-releasable pools.
These increases induced by FMLP and TG were also
observed in the presence of normal extracellular calcium
(Fig. 1D-F), although the levels of calcium remained raised
in comparison with those obtained in the absence of
extracellular calcium.

To investigate the relationship between intracellular
calcium overload-induced apoptosis and oxidative stress,
human leukocytes were treated with the specific inhibitor of
calcium reuptake, TG, or the calcium-mobilizing agonist,
FMLP, and then intracellular ROS production was mea-
sured. The addition of 1 um TG for 1 hr to human
neutrophils induced a significant increase in intracellular
ROS levels (P < 0.05, Fig. 2A). A similar result, although
to a smaller extent, was obtained by incubating neutrophils
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Fig. 2. Blockade of calcium signaling affects intracellular reactive oxygen species (ROS) production. Human leukocytes were preincubated
with the intracellular calcium chelator dimethyl 1,2-bis(o-aminophenoxy) ethane-N,N,N’,N’-tetraacetic acid (BAPTA) (10 um) or the
specific blocker of calcium uptake into mitochondria Ru360 (10 um) or the vehicle for 30 min and then stimulated with 1 um thapsigargin
(TG) (A and C) or 10 nM N-formyl-methionyl-leucyl-phenylalanine (FMLP) (B) for 1 hr. Changes in intracellular ROS production were
estimated as described under Materials and methods section. Values are presented as means + S.E.M. of six separate experiments and
expressed as fold-increase over the pretreatment level (experimental/control). *P < 0.05 compared to control values. “P < 0.05 compared
to TG- or FMLP-treated cells.

with 10 nm FMLP (P < 0.05, Fig. 2B) for 1 hr. Moreover, levels (P < 0.05, Fig. 2C). Interestingly, when both
the stimulation of human lymphocytes with 1 um TG for neutrophils and lymphocytes were preincubated for
1 hr again provoked a marked rise in intracellular ROS 30 min with both the cytosolic calcium chelator, dimethyl
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1,2-bis(o-aminophenoxy) ethane-N,N,N’,N'-tetraacetic acid
(BAPTA) (10 um), and Ru360 (10 um), an inhibitor of
mitochondrial calcium uptake to reduce mitochondrial
matrix calcium, TG- and FMLP-induced ROS production
was substantially abolished (P < 0.05, Fig. 2), thereby
indicating that the above-mentioned ROS production is
dependent not only on intracellular calcium increases but
also on calcium uptake into mitochondria.

Both melatonin and its metabolites can function as
endogenous scavengers of damaging free radicals [14, 15].
In this regard, intracellular ROS production induced by TG
and/or FMLP was assessed in the absence and presence of
different concentrations of melatonin. Thus, when human
leukocytes were preincubated with any melatonin concen-
tration tested (1 mm, 10 um, and 1 um) for 1 hr, both TG
and FMLP exerted a negligible effect on ROS production
(P < 0.05, Fig. 3), thereby confirming the well-known,
antioxidant properties of melatonin. Although the strongest
scavenging activity was achieved with the highest melatonin
concentration used (1 mM), the antioxidant effects of
melatonin do not seem to be entirely dose dependent, as
both 10 and 1 uM melatonin doses displayed almost similar
effects (Fig. 3). Likewise, as the lower dose of melatonin
(1 um) also proved to be effective in scavenging free
radicals, such a dose was used to determine the antiapop-
totic effect of melatonin in human leukocytes.

Apart from this, the effect of several well-known antiox-
idants on ROS production evoked by calcium signaling was
also evaluated to compare their antioxidant ability with
that showed by melatonin. Consequently, human leuko-
cytes were preincubated with 15 mm NAC, 5 mm GSH or
100 u/mL cell-permeable PEG-catalase conjugate for 1 hr
and then treated with 1 M TG or 10 nm FMLP for 1 hr. In
both neutrophils and lymphocytes, NAC clearly exerted the

most powerful antioxidant effect (P < 0.05, Fig. 3). In
fact, the scavenging actions revealed by NAC looked even
stronger than those evidenced by 1 mM melatonin. Hence,
the broad-spectrum antioxidant NAC was used in subse-
quent experiments so as to verify that the antiapoptotic
actions of melatonin depend, at least in part, on its
scavenging effects. Both GSH and PEG-catalase were also
able to significantly weaken the oxidative burst induced by
both calcium-mobilizing agents (P < 0.05, Fig. 3).

To examine the effect of melatonin on caspase-3 activa-
tion induced by calcium signaling, 1 uM TG or 10 nm
FMLP was again administered to human leukocytes. Our
results showed that both TG (Fig. 4A) and FMLP (Fig. 4B)
succeeded in increasing the caspase-3 activity in human
neutrophils (P < 0.05). Nevertheless, when neutrophils
were preincubated with 1 uM melatonin for 1 hr, TG- or
FMLP-induced caspase-3 activity was substantially lessened
(P < 0.05, Fig. 3A,B). Similar results were obtained when
human neutrophils were preincubated with 15 mmM NAC for
1 hr (P < 0.05, Fig. 4A,B). Remarkably, blockade of both
cytosolic calcium increases with 10 um dimethyl BAPTA
and mitochondrial calcium uptake with 10 um Ru360 for
30 min also turned out effective because they managed to
reverse caspase-3 activation evoked by TG and FMLP
(P < 0.05, Fig. 4A,B), thus demonstrating that such an
apoptotic feature is likely triggered owing to cytosolic
calcium increases and is also dependent on mitochondrial
calcium overload. Likewise, in human lymphocytes, exten-
sive depletion of the intracellular calcium stores by using
I um TG for 1 hr induced caspase-3 activation similar to
that observed in neutrophils (P < 0.05, Fig. 4C), which
was almost completely forestalled by blocking cytosolic
calcium increases, calcium uptake into mitochondria as
well as ROS production (P < 0.05, Fig. 4C).
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The results obtained by the determination of caspase
activity were confirmed by western blotting. Caspase-3
activation was analyzed by using a specific monoclonal
anticaspase-3 antibody, which detects the full-length inac-
tive (procaspase) form (35 kDa) and also the active large
caspase-3 fragment (17 kDa) resulting from cleavage at
Aspl75 [30]. Treatment of neutrophils with 1 um TG for
1 hr resulted in a substantial activation of caspase-3 as
revealed by the increase in the amount of the active form
and the decrease in the inactive procaspase form of caspase-
3 (P < 0.05, Fig. 5A). Similar results were obtained when
lymphocytes were stimulated with 1 um TG (Fig. 5B).
Nonetheless, the preincubation of human leukocytes with
1 uM melatonin for 1 hr significantly prevented TG-evoked
activation of caspase-3, as estimated by the content of the
active form of caspase-3 (P < 0.05, Fig. 5A,B). Addition-
ally, when human leukocytes were preincubated with
15 mM NAC for 1 hr, the content of caspase-3 active form
was again extensively diminished (P < 0.05, Fig. 5A,B).
Lastly, the pretreatment with both the intracellular calcium
chelator, dimethyl BAPTA, and the inhibitor of mitochon-
drial calcium uniporter, Ru360, also succeeded in reversing
the amount of active caspase-3 evoked by TG (P < 0.05,
Fig. 5A,B).

As caspase-9 is an initiator caspase that is involved in the
initial steps of mitochondrial apoptosis [31], we also
checked caspase-9 activity in the presence of TG or FMLP
to ascertain that intracellular calcium overload-induced
oxidative stress leads to mitochondrial apoptosis. As shown
in Fig. 5C,D, treatment of neutrophils with 1 um TG or
10 nm FMLP for 1 hr obviously produced a significant rise
in caspase-9 activity (P < 0.05). Similarly, the treatment
with 1 um TG for 1 hr caused substantial caspase-9
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: : _ Fig. 4. Melatonin attenuates intracellular
- + - calcium overload-induced caspase-3 acti-
- - + vation. Human leukocytes were preincu-

bated with 1 pum melatonin (Mel) or
15 mm N-acetyl-L-cysteine for 1 hr, 10 um
dimethyl BAPTA or 10 uMm Ru360 for
30 min, or the vehicle, and then stimulated
with 1 um thapsigargin (TG) (A and C) or
10 nm N-formyl-methionyl-leucyl-phenyl-
alanine (FMLP) (B) for 1 hr to check the
caspase-3 activity. Caspase-3 activity was
estimated as described under Materials
and methods section. Values are presented
as means = S.EM. of six separate
experiments and expressed as fold-in-
crease over the pretreatment level (exper-
imental/control). *P < 0.05 compared to
control values. *P < 0.05 compared to
TG- or FMLP-treated cells.

activation in human lymphocytes (P < 0.05, Fig. SE).
However, the preincubation with 1 uM melatonin for 1 hr
largely prevented TG- or FMLP-induced caspase-9 activity
in human leukocytes (P < 0.05, Fig. SC-E), thereby sug-
gesting that the beneficial consequences resulting from
melatonin administration likely depend on its effect on
mitochondrial physiology. Also, the preincubation with
NAC (15mmMm) for 1 hr widely counteracted caspase-9
activation produced by intracellular calcium increases
(P < 0.05, Fig. 5C-E). Importantly, caspase-9 activation
also depends on both cytosolic calcium increases and
mitochondrial calcium overload as both the preincubation
of leukocytes for 30 min with 10 uM dimethyl BAPTA and
10 M Ru360 were able to decrease TG- or FMLP-induced
caspase-9 activity (P < 0.05, Fig. 5C-E).

Caspase-9 activation was also analyzed by western
blotting. In this case, a monoclonal anticaspase-9 antibody
that recognizes the full-length inactive (pro-caspase) form
(47 kDa) and the active large caspase-9 fragment (35 kDa)
was used [32]. Once more, western blot analysis revealed
that treatment of leukocytes with 1 um TG significantly
augmented the amount of the active form of caspase-9
(P < 0.05, Fig. 5A,B). The preincubation of leukocytes
with 1 uM melatonin for 1 hr managed, however, to almost
entirely prevent the stimulatory effect of TG, as inferred
from the decrease in the amount of the active form and the
increase in the inactive procaspase form of caspase-9
(P < 0.05, Fig. 5A,B). Moreover, when human leukocytes
were preincubated for 1 hr with 15 mm NAC, the content
of caspase-9 active form was again widely reduced
(P < 0.05, Fig. SA,B). Likewise, the pretreatment with
both the intracellular calcium chelator, dimethyl BAPTA,
and the mitochondrial calcium uniporter inhibitor, Ru360,
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Fig. 5. Melatonin counteracts the stimulatory effect of intracellular calcium overload on the content of active caspases. To determine
caspase content (A and B), human neutrophils (A) and lymphocytes (B) were preincubated as described in Fig. 4 and then stimulated with
1 pv thapsigargin (TG) for 1 hr. Samples were lysed and then subjected to gradient Tris—glycine isolation and subsequent western blotting
with a specific anticaspase-3 (8G10) or anticaspase-9 (C9) antibody and reprobed with anti-f-actin (§H10D10) antibody for protein-loading
control. Histograms showed in A and B represent the quantification of the 35 kDa fragment of cleaved caspase-9 (gray bars) or the 17-kDa
fragment of cleaved caspase-3 (black bars) expressed as fold-increase over the pretreatment level (experimental/control). Results are
presented as mean + S.E.M. of four independent experiments. *P < 0.05 compared to control values. P < 0.05 compared to its cor-
responding TG-induced caspase content values. To determine caspase-9 activity (C—E), human leukocytes were again preincubated as
described in Fig. 4 and then stimulated with 1 yMm TG (C and E) or 10 nM N-formyl-methionyl-leucyl-phenylalanine (FMLP) (D) for 1 hr to
check the caspase-9 activity. Caspase-9 activity was estimated as described under Materials and methods section. Values are presented as
means = S.E.M. of six separate experiments and expressed as fold-increase over the pretreatment level (experimental/control). *P < 0.05

regarding control values. “P < 0.05 regarding TG- or FMLP-treated cells.

was able to lessen the amount of active caspase-9 evoked by
TG again (P < 0.05, Fig. 5A,B). Taken together, these
findings strongly suggest that depletion of intracellular
calcium pools by both TG and FMLP and subsequent
mitochondrial calcium overload cause activation of cas-
pase-3 and caspase-9 that is forestalled by melatonin likely
due to its antioxidant properties.

As TUNEL assay is a well-established method for
detection of DNA cleavage, a relatively late apoptotic
marker [33], we assessed the amount of DNA fragmenta-
tion in the presence of TG to verify whether sustained
intracellular calcium increases leads to cell death. Thus,
treatment of human neutrophils with 1 uMm TG for 1 hr
produced a substantial increase in the proportion of cells
depicting DNA fragmentation (P < 0.05, Fig. 6A). Sim-

ilar results were found when human lymphocytes were
treated for 1 hr with 1 um TG (P < 0.05, Fig. 6B).
Additionally, it is worth noting that the preincubation of
human leukocytes with 1 yuM melatonin for 1 hr signifi-
cantly weakened the stimulatory effect of TG on DNA
fragmentation (P < 0.05, Fig. 6), thus substantiating that
melatonin is able to prevent intracellular calcium overload-
induced cell death. On the other hand, the preincubation of
leukocytes for 1 hr with the powerful antioxidant NAC
(15 mMm) strongly diminished the proportion of cells
depicting DNA fragmentation (P < 0.05, Fig. 6). Curi-
ously, both dimethyl BAPTA and Ru360 (10 xM, 30 min)
also managed to significantly inhibit the stimulatory effect
of TG on DNA fragmentation (P < 0.05, Fig. 6), thereby
indicating that mitochondrial apoptosis is dependent on
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Fig. 6. Melatonin prevents cell death in human leukocytes. Neutrophils (A) and lymphocytes (B) were preincubated with 1 um melatonin
(Mel) or 15 mm N-acetyl-L-cysteine for 1 hr, 10 um dimethyl BAPTA or 10 uM Ru360 for 30 min, or the vehicle, and then stimulated with
1 um thapsigargin (TG) for 1 hr to check the proportion of cells depicting DNA fragmentation. DNA fragmentation was estimated as
described under Materials and methods section. Left panel: differential interference contrast (DIC) images of cultured cells. Central and
right panels: pictures of TUNEL-positive cells (green) and Hoechst 33342 nuclear stain (blue), respectively. Scale bars: 15 um. Values inside
the central panel are presented as means = S.E.M. of three separate experiments and expressed as fold-increase over the pretreatment level
(experimental/control). *P < 0.05 regarding control values. *P < 0.05 regarding TG alone.

both cytosolic calcium increases and calcium uptake into
mitochondria.

Finally, to further clarify whether the protective effect of
melatonin on mitochondrial apoptosis actually depends on
the interaction between melatonin and its cell membrane
receptors, we also analyzed whether luzindole, which
specifically antagonizes melatonin binding/activation of
MTI1/MT2 receptors, was able to counteract the inhibition
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of caspase-9 induced by melatonin. To this purpose,
neutrophils and lymphocytes were pretreated with 50 um
luzindole, 30 min before melatonin treatments. As shown in
Fig. 7, in the presence of luzindole, 1 uM melatonin was still
able to forestall TG- and FMLP-induced caspase-9 activa-
tion (P < 0.05). These findings show that the signal
transduction elicited by MT1/MT2 receptor stimulation
does not seem to play a role in the protective effect of



Apoptosis modulation by melatonin and calcium signal

(A) Neutrophils (B) Neutrophils
3+ 34 *

z > :

> S o8

3 < R R ¥ =
Fig. 7. The protective effect of melatonin g% [ Sm— S ey [ g% 1
on mitochondrial apoptosis is receptor 3T S"&
independent. Human leukocytes were
preincubated with 1 uM melatonin (Mel) 0 0
for 1 hr in the absence or the presence of TG - + + FMLP - + + +
its MT1/MT2 receptor antagonist luzin- Mel - + + Mel - - + +
dole and then stimulated with 1 um Luzindole -+ - + Luzindole  + - - +
thapsigargin (TG) (A and C) or 10 nMm
N-formyl-methionyl-leucyl-phenylalanine (€ Lymphocytes
(FMLP) (B) for 1 hr to check the caspase- 37 *
9 activity. Luzindole was added at the > T
concentration of 50 um, 30 min before E’g)?
melatonin treatments. Caspase-9 activity 8 3 21
was estimated as described under Materi- c:-, 8 #
als and methods section. Values are pre- §-_5 P e _?_ =
sented as means = S.E.M. of six separate 2L
experiments and expressed as fold-in- o
crease over the pretreatment level (exper- 0
imental/control). *P < 0.05 compared to TG _ + ¥ +
control values. P < 0.05 compared to Mel - - + +
TG- or FMLP-treated cells. Luzindole + - - +

melatonin on mitochondrial apoptosis, thus confirming
that the beneficial consequences resulting from melatonin
administration are melatonin receptor independent.

Discussion

The involvement of calcium in cell death has been repeat-
edly documented in previous studies [8, 34]. The proapop-
totic effects of calcium are mediated by a diverse range of
calcium-sensitive factors that are compartmentalized in
various intracellular organelles including endoplasmic
reticulum and mitochondria [35]. In addition, mitochondria
act as calcium buffers by sequestering excess calcium from
the cytosol. Excessive calcium load to the mitochondria
may induce an apoptotic program by stimulating the
release of apoptosis promoting factors from the mitochon-
dria intermembrane space to cytosol and by impairing
mitochondrial function [7, 36]. Apoptosis can also be
stimulated by ROS in several cell types [9, 37]. It has been
even shown that ROS, such as H,O,, increases cytosolic
calcium in the absence of extracellular calcium, thus
indicating that H,O, mobilizes calcium from intracellular
stores [38], leading cells into an apoptotic state. Our data
show that intracellular calcium overload induces increases
in intracellular ROS production, which is dependent not
only on cytosolic calcium increases but also on mitochon-
drial calcium uptake.

These results are consistent with evidence showing a
direct interaction between mitochondria and intracellular
calcium stores and the observation of close physical
contacts between both organelles [39, 40]. In fact, there
is both structural and functional evidence suggesting the
presence of specific and stable interactions between
mitochondria and intracellular calcium stores (i.e., endo-
plasmic reticulum), which facilitate a rapid and nearly

direct flux of calcium from endoplasmic reticulum to
mitochondria [39, 41-44], and these tight endoplasmic
reticulum—mitochondria couplings may also serve to
modulate calcium release. In addition, it has been
suggested that mitochondria co-localize in small subcellu-
lar regions where reticulum and mitochondria form close
contacts [44]. This has led to the concept of ‘intracellular
synapse’ or ‘quasi-synaptic’ calcium signal transmission
between mitochondria and reticulum that was coined by
Csordas et al. [40].

Melatonin is an indoleamine involved in many important
physiological functions. In terms of immune function, the
role of melatonin as an immunomodulator is widely known
[45-47]. However, in recent years, interest in melatonin has
markedly increased because of its influence on the apoptotic
process. The exact mechanism by which melatonin influ-
ences apoptosis is not yet clear as melatonin has been
reported to have both proapoptotic and antiapoptotic
actions (for review, see [21]). Here, we demonstrated that
melatonin is able to reduce intracellular ROS generation
induced by calcium signaling in human leukocytes, in both
neutrophils and lymphocytes. In addition, our results also
indicate that melatonin induces a protective effect on
apoptosis evoked by calcium signaling owing to the
substantial reduction exerted by the indoleamine on
caspase-9 and caspase-3 as well as on DNA fragmentation.
Furthermore, when mitochondria were prevented from
loading with calcium by preincubation of leukocytes with
both dimethyl BAPTA and Ru360, then the intracellular
ROS production, caspase activation, and DNA fragmen-
tation were clearly diminished. These findings corroborate
previous studies in which the blockade of cytosolic calcium
increases and calcium uptake into mitochondria with
BAPTA or Ru360, respectively, does inhibit apoptosis in
several cell types [37, 48, 49].
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Finally, to our knowledge, we have demonstrated the
protective role of melatonin on calcium signaling-induced
apoptosis in primary human leukocytes, instead of cell lines
or cells from other species, thus avoiding the common
problem of translation into humans. The inhibitory effect of
melatonin on apoptosis induced by intracellular calcium
overload might not be a consequence of the opposing
action of melatonin in the calcium pathway because we
have previously shown that melatonin is ineffective at
modifying TG-induced calcium signal [8]. However, we
provided evidence supporting that the inhibitory effect of
melatonin on apoptosis is likely due to its antioxidant
capacity and free-radical scavenging actions [14], as mela-
tonin was able to reduce not only the intracellular ROS
production but also caspase-9 and caspase-3 activation and
DNA damage induced by intracellular calcium overload.
This was also the case of the well-known antioxidant NAC.
On the other hand, catalase almost completely inhibited the
calcium overload-evoked ROS production, which might
suggest that hydrogen peroxide is the major ROS produced.
In this sense, despite melatonin is not a great hydrogen
peroxide scavenger [50], it is worth noting that melatonin
reportedly suppresses superoxide anion production, an
upstream event of hydrogen peroxide production [14, 51,
52], and stimulates the activation and gene expression of
several antioxidant endogenous enzymes, such as superox-
ide dismutase and catalase, both under physiological and
under conditions of elevated oxidative stress [14, 53].

Additionally, we showed that the effects of melatonin are
independent of plasma membrane MTI1/MT2 receptor
stimulation, as the inhibitory effect of melatonin on
leukocyte apoptosis is unaffected by the MT1/MT2 antag-
onist luzindole. Melatonin, as an amphipathic molecule,
may freely cross the plasma membrane, and so it may
rapidly accumulate within cells and react with the cytosolic
target [54]. Our findings are in agreement with previous
reports showing that, in isolated mitochondria, melatonin
prevents opening of mitochondrial permeability transition
pore and release of intramitochondrial proapoptotic fac-
tors, which are cell death-associated events [8, 55], and
protects mitochondria from oxidative damage [52]. How-
ever, the inhibitory effect of melatonin administration on
intracellular ROS generation differs from recent, surprising
findings reporting pro-oxidant ability of melatonin in both
normal and tumor leukocytes [54, 56].

In conclusion, we demonstrated that depletion of intra-
cellular calcium stores induced by TG and/or FMLP
triggers different apoptotic events in human leukocytes
that are dependent on cytosolic calcium increases, calcium
uptake into mitochondria as well as ROS production. On
the other hand, we also proved that the protective effects
resulting from melatonin administration on leukocyte
apoptosis likely depend on melatonin’s antioxidant prop-
erties. These findings underline the potential general inter-
est of the role of melatonin as a controller of the life/death
of immune cells within organisms.
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