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Antioxidative, membrane protective and
antiapoptotic effects of melatonin, in silico study
of physico-chemical profile and efficiency of
nanoliposome delivery compared to betaine

Gordana Kocic,*® Katarina Tomovic,? Hristina Kocic,® Dusan Sokolovic,?
Branka Djordjevic,® Svetlana Stojanovic,® lvana Arsic® and Andrija Smelcerovic®®

The mechanisms through which melatonin exerts its inhibitory effect on cell death remains insufficiently
clarified. The subject of the present study is the evaluation of the hepatoprotective effects of melatonin
on the inhibition of apoptotic and oxidative processes and activation of survival pathways, in comparison
with betaine, in a primary culture of hepatocytes that have undergone Fas-ligand apoptosis. Melatonin
exerted a protective effect on membrane bilayer stability through the inhibition of phosphatidylserine
externalization, Bax expression and xanthine oxidase catalyzed free-radical liberation. It also reduced
liberation of cellular and membrane-bound enzymes and endonuclease catalyzed DNA fragmentation.
Betaine hydrochloride did not exert these effects, when administered alone or co-incubated with anti-
Fas antibodies. The in silico Molinspiration tool, which was employed to calculate melatonin and betaine
physico-chemical properties and membrane interaction indicated that melatonin may easily cross and
interact with biological membranes and maintain membrane phospholipid structural topography. It was
documented to occur via non-receptor mechanisms in more than 75%; this may clarify melatonin as
suitable for nanoliposome-based delivery, where it was also able to successfully counteract induced
oxidative stress. This could not be considered for betaine hydrochloride. The use of lipophilic
compounds like melatonin, encapsulated in nanoliposomes, could therefore be a preferable tool in the
successful membrane-preservation therapy of liver apoptosis, rather than the use of hydrophilic
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Introduction

Apoptosis mediated by the Fas receptor (CD95) has been
implicated in a growing number of liver diseases including viral
hepatitis, alcoholic, cholestatic, autoimmune and Wilson's
disease." In the extrinsic apoptotic pathway, initiation of
apoptosis in the liver occurs presumably through Fas death
receptors, located on the cell membrane.> Hepatocytes consti-
tutively express Fas receptors and have been shown to be
sensitive to the Fas death signal, both, in vitro and in vivo.> The
anti-Fas monoclonal antibodies were shown to trigger apoptotic
cell death in vivo and in vitro* and our previous report docu-
mented Fas-ligand apoptosis as a useful model in evaluating
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compounds, like betaine hydrochloride.

potentially hepatoprotective substances.” The binding of
specific ligands to Fas receptors causes a cascade of signaling
effects following the activation of executor caspase and endo-
nuclease enzymes."* Cells undergoing Fas-mediated apoptosis
such as hepatocytes and T lymphocytes show PS externalization
and subsequent clearance by phagocytes before lysis, or
inflammatory reaction.® In an intrinsic apoptotic pathway the
Bcl-2 family of proteins are potent regulators, where Bel-2 and
BelxL (group I) possess antiapoptotic activity, whereas
members of group II (Bax and Bak) and group III (Bid) promote
cell death.” Alteration of membrane structural stability is the
mechanism responsible for the translocation of Bax to the
external mitochondrial membrane leaflet, when apoptosis is
induced.?

Melatonin (N-acetyl-5-methoxytriptamine) is a compound
derived from r-tryptophan.” It is a lipophilic molecule, which to
some extent may freely cross cell membranes and enter cells.
Moreover, it can also bind to plasma membrane melatonin
receptors (MT; and MT,), members of the seven trans-
membrane G protein-coupled receptors, initiating downstream
cell signaling.>*® It has been documented that melatonin exerts
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a broad range of physiological® and protective antioxidant
effects, preventing the peroxidation of membrane lipids and
protecting the proteins and DNA from oxidative damage
induced by hydroxyl radical (‘OH), peroxynitrite anion
(ONOO™), hydrogen peroxide (H,0,), superoxide anion radical
(0,°7) or singlet oxygen (*0,), produced in different in vitro and
in vivo conditions.*™** Our previous results pointed out mela-
tonin as protector against microwave irradiation.”®* Like an
electron donor, melatonin has been shown to increase the
efficiency of the electron transport chain and, as a consequence,
to reduce electron leakage and the generation of free-radicals.'®
Beside direct free-radical scavenging properties, it also has been
shown to have indirect antioxidative effects, through the upre-
gulation of several antioxidative enzymes. When compared
to vitamin E, melatonin was found to be more effective in
limiting lipid membrane destruction,>"” serving as naturally
mitochondria-targeted protective molecule.’® Metabolites of
melatonin such as major hepatic metabolite 6-hydroxymelatonin
as well as N'-acetyl-N*-formyl-5-methoxykynuramine and N'-
acetyl-5-methoxykynuramine, have been shown to detoxify radi-
cals themselves. This effect, independent of the species and the
type of injury and extent of organ damage, is especially true for
the liver and a variety of its pathophysiological conditions.*
Furthermore, there are data documenting the influence of
melatonin on Bcl-2/Bax levels in rat peripheral blood lympho-
cytes®® and pancreatic cancer cell line SW-1990.> It was recently
demonstrated that melatonin may be involved in epigenetic DNA
reprogramming, decreasing the levels of unmethylated DNA
promoter regions.”” It has been further proven that in liver
disorders with a dysfunction of the apoptotic program, like
ischemia/reperfusion injury,* viral hepatitis,** acetaminophen-
induced acute liver failure®® or cadmium-induced hepatotox-
icity,” melatonin may enhance regenerative response.

Betaine is N-trimethylated amino acid glycine, a quaternary
ammonium compound, which exists in zwitterionic form at
neutral pH. As a positively-charged amine, it requires a protein-
mediated mechanism to effectively pass the membrane-lipid
barrier via lipid-associated betaine-binding protein (BetP).>®
Because of its three chemically-reactive methyl groups, it has
arole as a donor of methyl group in many cell pathways, such as
synthesis of phospholipids, proteins and in stabilization of DNA
structure through the methylation.?” It may enhance the secre-
tion of VLDL via methylation of membrane phospholipids
increasing phosphatidylcholine content.”® Betaine may be
a promising therapeutic agent in relieving defects associated
with alcoholic liver disease.

The subject of the present study was the hepatoprotective
effects of melatonin mediation by the inhibition of apoptotic
and oxidative processes and activation of survival pathways, in
comparison with betaine in the primary culture of mouse
hepatocytes which had undergone Fas-ligand apoptosis. The
effects of melatonin and betaine on the integrity of the
membrane, phospholipid asymmetry and PS (phosphatidylser-
ine) externalization in relation to certain biomarkers of oxida-
tive stress and apoptosis were evaluated, as well as cellular and
membrane enzymes liberation, mitochondrial Bcl-2/Bax distri-
bution and DNA degradation. Since a nanoliposome-based drug
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delivery system could improve the pharmacokinetic properties
of certain drugs, the efficacy of melatonin and betaine hydro-
chloride to counteract oxidative stress in encapsulated nano-
liposomes was employed. Additionally, an in silico study by
using Molinspiration®® and ACD/I-Lab software®' was performed
in order to gain a better insight into the physico-chemical
properties of melatonin and betaine as well as to explain ob-
tained biological effects.

Materials and methods
Chemicals used

All chemicals were of a pro analysis degree of purity. Anti-Fas
antibodies (Jo CD95) were obtained from BD Biosciences. The
cell culture medium (RPMI 1640), fetal calf serum (FCS), colla-
genase and betaine hydrochloride were purchased from Sigma
Aldrich (USA), melatonin was purchased from ICN (USA).

Ethical statement

All experimental procedures were performed in compliance
with the Ethical Committee guidelines and rules for the
protection of experimental animals according to the Animal
Welfare Rules Republic of Serbia. The approval for the animal
experiment was obtained from the Animal Welfare Committee
No. 01-5518-6 (University Nis Medical Faculty) after submitting
the required form for approval.

Isolation of primary mouse hepatocyte culture

The experimental study was conducted on inbred, male, three-
month-old, BALB mice (22-25 g weight) which were killed under
ketalar anesthesia, and whose livers were removed according to
the method explained in our previous article.® The hepatocytes
were isolated from the liver tissue by use of the collagenase
technique (1 mg collagenase per ml RPMI 1640 medium).
Isolation of hepatocytes was monitored by microscope and
collagenase activity was inhibited by 10% FCS/RPMI 1640
medium. The digested tissue was sieved and low-speed centri-
fuged (600 g at 4 °C for 15 min), the cells were collected, dis-
solved in 0.9% NacCl and centrifuged again (1000g for 10 min at
4 °C). Supernatant was drained and the cells were dissolved in
RPMI 1640 medium with 10% FCS and penicillin/streptomycin
(cell final concentration was 10° mm >). The cells were allo-
cated into six experimental groups, each containing six samples
in a following way: the first group of hepatocytes was treated
with anti-Fas antibodies in final concentration of 100 ng ml™%;
the second group was treated with anti-Fas antibodies (in the
same concentration) and 1 mM melatonin; the third group was
treated with anti-Fas antibodies (in the same concentration)
and 1 mM betaine hydrochloride; the fourth group was treated
with melatonin only (the same concentration); the fifth group
was treated with betaine hydrochloride only (in the same
concentration); the sixth group was a control with standard
culture conditions (RPMI 1640 medium, 10% FCS and
penicillin/streptomycin). The cells were grown for 24 h, after-
wards they were centrifuged (1000g for 10 min at 4 °C), the
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supernatant was collected and the cells were resuspended in
1.2 ml of a physiological saline solution.

Detection of PS membrane externalization, oxidative stress
generation, plasma and nuclear membrane integrity and
nuclear fragmentation of isolated hepatocyte culture

In order to detect PS on the membrane external leaflet,
Annexin V was used. To the amount of 500 pl of cells suspen-
sion, the Annexin V-FITC (Santa Cruz Biotechnology, USA)
solution was added and fluorescence was detected on a flow-
cytometer (Epics-XL Coulter, Germany). Nuclear membrane
permeability (usually seen in dead cells) was detected adding
the equal aliquot of propidium iodide (PI) (Santa Cruz
Biotechnology, USA) to cells suspension. Viable cells do not
normally bind these chemicals. Annexin V positive, PI negative
cells represent early apoptosis events. Both, Annexin V and PI
positive cells document late apoptosis. If the cells do not bind
Annexin V, but bind PI, they are in the necrotic phase. In this
way, the following possibilities are: Annexin V—/PI— (healthy
cells); Annexin V+/PI— (early apoptosis); Annexin V+/PI+ (late
apoptosis); Annexin V—/PI+ (necrosis).

Xanthine oxidase (XO) activity was evaluated quantifying the
formation of uric acid by using method modified and explained in
our previous report* with the calculated molar absorption coef-
ficient of uric acid (1.22 x 10”1 mol " em ™). In brief, the reaction
mixture containing hepatocytes, treated with anti-Fas antibodies,
melatonin and/or betaine, and Tris/HCI buffer was preincubated
at 37 °C. The reaction was started by adding xanthine and, after
incubation, stopped by adding perchloric acid. The enzyme
activity was determined spectrophotometrically by measuring the
absorption at 293 nm associated with uric acid formation.
Xanthine oxidase activity was expressed as U g~ protein.

Generation of malondialdehyde (MDA) was used as an index of
lipid peroxidation intensity in isolated hepatocytes, evaluated
spectrophotometrically, according to the thiobarbituric acid (TBA)
assay.* The MDA level was expressed as nmol (MDA)/mg (proteins).

For detection of plasma membrane integrity and cell
damage, the liberation of hepatic plasma membrane alkaline
phosphatase (ALP) and gamma-glutamil transferase (y-GT), and
cellular enzymes alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were all measured in collected super-
natant using the Dade Behring RxL Max automatic analyzer.
The activity of enzymes, evaluated quantifying the liberation in
collected supernatant, was expressed as U177,

The activity of alkaline DNase was measured spectrophoto-
metrically at 260 nm by the method of Bartholeyns et al.,**
modified in our laboratory for cell culture systems.” The method
is based on liberated acid soluble nucleotide determination,
after precipitation, at pH 7.6 obtained by adding Tris/HCI buffer
and in the presence of Mg>" ions as activators, using corre-
sponding standard, commercial DNase I (Sigma Aldrich, USA).
The enzyme activity was expressed as U g~ protein.

Detection of Bcl-2 and Bax expression

For determining the levels of Bcl-2 and Bax proteins, hepato-
cytes were isolated and treated as it was described in the
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previous section (Isolation of primary hepatocyte culture). Ob-
tained cells were further processed according to the protocol
by Kocic et al. 2011.*° Briefly, the hepatocytes, resuspended in
U-bottom 96-well culture plates, were fixed using 70% methanol
and permeabilized with 0.1% Triton PBS. Specific antibodies
were used: for Bcl-2 (N-19: sc-492 Santa Cruz Biotechnology,
USA) and for Bax (P-19: sc-526 Santa Cruz Biotechnology, USA).
The cells were incubated with the primary anti-Bcl-2 and anti-
Bax, washed three times, and incubated with the FITC-
conjugated secondary antibodies. The excess of antibodies
following staining was washed adding PBS (phosphate buffer
saline) to each well. The mean fluorescence intensity (MFI;
logarithmic scale) of cell populations was obtained following
subtraction of blank values obtained by the treatment with
secondary antibodies only.

Nanoliposome encapsulation with melatonin or betaine
hydrochloride and detection of susceptibility to Fe** and H,0,
induced oxidative stress

In order to detect percentage of non-receptor phospholipid
membrane melatonin uptake, phospholipid nanoparticles in
the form of nanospheres, purchased from Nattermann Phos-
pholipids (Germany) were dissolved as a 10% solution and one
group was encapsulated by melatonin or by betaine hydro-
chloride at a concentration of 1 mM. Encapsulated nano-
particles were isolated by centrifugation at 6500g for 30 min at
4 °C according to the method of Gortzi et al®*® In obtained
supernatant melatonin concentration was estimated by using
HPLC method* and betaine hydrochloride by method of Storey
and Jones®® and calculated as the encapsulation efficiency (%),
according to the corresponding standard of melatonin or
betaine hydrochloride (1 mM) dissolved in non-encapsulated
liposome supernatant.

Sedimented nanoparticles were suspended in water and
both encapsulated and native nanoparticles were exposed to
oxidative stress by incubation with H,0, or FeSO, in a reaction
mixture at a concentration of 1 mM at 37 °C for another 30 min.
The intensity of lipid peroxidation was estimated by the reac-
tion of terminal lipid peroxidation product MDA with TBA, and
measured spectrophotometrically at the wavelength of 532 nm,
according to the method of Buege and Aust.*® The MDA level
was expressed as nmol (MDA)/ml (nanoliposome mixture).

In silico study of physico-chemical properties of melatonin
and betaine

The physico-chemical properties of melatonin and betaine,
such as lipophilicity (octanol-water partition coefficient and
polar surface area), molecular size (molecular weight and
volume), conformational flexibility (number of rotatable bonds)
and number of present hydrogen-donors and acceptors, were
calculated by using in silico Molinspiration tool.>** With physico-
chemical characteristics taken into account, some other
important features, relating to the behavior and interaction of
compounds to the membrane, were predicted. ACD/I-Lab soft-
ware®* was used in order to estimate the membrane perme-
ability of both tested compounds through the quantified
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percentage represented information about their absorption rate
and bioavailability predicted on the basis of their chemical
structure.

Statistical analysis

The results are presented as mean £ SD. The statistical signif-
icance was evaluated using ANOVA test. A p-value of 0.05 was
considered statistically significant.

Results

Detection of PS membrane externalization, oxidative stress
generation, plasma and nuclear membrane integrity and
nuclear fragmentation of isolated hepatocyte culture

Fig. 1 illustrates PS membrane externalization of mouse hepa-
tocytes assayed by Annexin V/PI tests. The treatment of hepa-
tocytes with anti-Fas antibodies significantly increased
the number of Annexin V+ hepatocytes, where PS was on the
external membrane leaflet. Melatonin greatly preserved the
number of Annexin V—/PI— cells, when was co-incubated with
anti-Fas antibodies, compared to only anti-Fas antibodies
treated hepatocytes. Contrary to melatonin, betaine hydro-
chloride was able to achieve protective effect neither alone nor
in co-incubation with anti-Fas antibodies. According to ob-
tained results, it is supposed that in the early phase of apoptosis
melatonin exerts antioxidative effect in order to reduce the
generation of free-radicals and subsequent oxidation and
externalization of PS. Only antioxidative effect was shown as
non sufficient for maintaining the membrane stability. A more
effective protective effect of melatonin was exerted in the late
apoptotic conditions, when antioxidative effects were man-
ifested in a synergy with antiapoptotic effects latter discussed.
Betaine exerted even stronger effects on nuclear membrane
disintegration, regarding the quantity of Annexin V+/PI+ cells.
Melatonin combined with anti-Fas antibodies significantly
decreased the quantity of late apoptotic Annexin V+/PI+
cells. Betaine hydrochloride alone increased the level of
Annexin V+/PI+ cells compared to control hepatocytes. There
were no Annexin V—/PI+ cells which were considered necrotic.

The obtained results provided evidence that melatonin
exerts hepatoprotective effects especially in the late phases of
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apoptosis, by maintaining plasma and nuclear membrane
integrity. Betaine hydrochloride would not be considered as
protector of membrane stability, it exerted strong effect on
nuclear membrane disintegration.

As shown in Fig. 2, exposure to anti-Fas antibodies and their
combination with betaine hydrochloride induced an increase in
lipid peroxidation (LP), when compared to the control hepato-
cytes. Decrease in LP was evidenced in the combined treatment
with anti-Fas antibodies and melatonin in comparison with
only anti-Fas antibodies-treated hepatocytes or the combination
of anti-Fas antibodies and betaine-treated hepatocytes. Mela-
tonin, given alone, decreased the intensity of LP in comparison
with control hepatocytes. Betaine hydrochloride given alone
was without significant effect. Melatonin as antioxidant pre-
vented the peroxidation of membrane lipids in mouse hepato-
cytes and maintained membrane stability, while betaine
hydrochloride could not be considered as hepatoprotective
agent.

As depicted in Fig. 3, exposure to anti-Fas antibodies
induced an increase in xanthine oxidase (XO) activity, when
compared to the control hepatocytes. Significant decrease in XO
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Fig. 2 The intensity of lipid peroxidation in hepatocytes treated with
anti-Fas antibodies, melatonin and betaine. Generation of malondial-
dehyde (MDA) used as an index of lipid peroxidation intensity was
evaluated spectrophotometrically and expressed as nmol (MDA)/mg
(proteins). ***p < 0.001 vs. control; *p < 0.05 vs. control; "™™p <
0.001 anti-Fas antibody vs. anti-Fas antibody + melatonin; ®p < 0.05
anti-Fas antibody + melatonin vs. anti-Fas antibody + betaine.
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Fig. 1 PS membrane externalization and changes in nuclear membrane integrity of mouse hepatocytes treated with anti-Fas antibodies,
melatonin and betaine, assayed by Annexin V/PI tests. The represented stages are: (A) Annexin V—/Pl— (healthy cells); (B) Annexin V+/Pl— (early
apoptosis); (C) Annexin V+/Pl+ (late apoptosis). ***p < 0.001 vs. control; **p < 0.01 vs. control; *p < 0.05 vs. control; ™"™®p < 0.001 anti-Fas
antibody vs. anti-Fas antibody + melatonin; ™p < 0.05 anti-Fas antibody vs. anti-Fas antibody + melatonin; ® ®®p < 0.001 anti-Fas antibody +
melatonin vs. anti-Fas antibody + betaine; ® ®p < 0.01 anti-Fas antibody + melatonin vs. anti-Fas antibody + betaine.
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activity was evidenced in the combined treatment with anti-Fas
antibodies and melatonin in comparison with only anti-Fas
antibodies treated hepatocytes. Melatonin, given alone,
decreased the activity of this enzyme in the comparison with
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Fig. 3 Xanthine oxidase activity in hepatocytes treated with anti-Fas
antibodies, melatonin and betaine. The enzyme activity, evaluated
spectrophotometrically quantifying the formation of uric acid, was
expressed as U g~! protein. ***p < 0.001 vs. control; **p < 0.01 vs.

control; ™™™, < 0.001 anti-Fas antibody vs. anti-Fas antibody +
melatonin.
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Fig. 4 DNase activity in hepatocytes treated with anti-Fas antibodies,
melatonin and betaine. The activity of alkaline DNase was spectro-
photometrically measured by the liberation of acid-soluble nucleo-
tides and expressed as U g*1 protein. *p < 0.05 vs. control.

View Article Online

RSC Advances

control hepatocytes. Betaine hydrochloride given alone was
without significant effect. In that way, melatonin decreased the
generation of free-radicals by the XO catalyzed reactions, what
represents one more mechanism of its indirect antioxidative
effect. Betaine was without significant effect on the activity of
this enzyme.

The exposure to anti-Fas antibodies, specifically their
combination with betaine hydrochloride, induced an increase
in DNase activity when compared to the control hepatocytes.
Melatonin, given alone, decreased the DNase activity in the
comparison with control hepatocytes. Betaine hydrochloride
given alone was without significant effect (Fig. 4). Besides the
protection of DNA from oxidative damage, melatonin may
protect it by the inhibition of DNase activity as well. Destabili-
zation of DNA potentially may be provoked by betaine.

The integrity of hepatocytes and their damage was assessed
by the levels of liberated enzymes due to cell damage. The
hepatocytes treated with anti-Fas antibodies were evidenced by
significant increase (p < 0.001) in the liberation of AST, ALT, ALP
and y-GT when compared to control cell supernatant (Table 1).
However, melatonin exhibited hepatoprotective effects and
attenuated the elevated activity of liberated hepatocyte
enzymes, with significant effectiveness when was combined
with anti-Fas antibodies in comparison to alone anti-Fas anti-
body treatment (p < 0.001). Betaine exerted a less effective
hepatoprotective effect.

Detection of Bcl-2 and Bax expression

Fig. 5 shows Bcl-2 and Bax protein expression on the mitochon-
drial membrane under the given experimental conditions. The
treatment with anti-Fas antibodies led to inverse relation between
Bcel-2 and Bax protein compared to control hepatocytes, reducing
the values of Bcl-2 and enhancing Bax membrane expression.
Melatonin almost fully preserved mitochondrial Bcl-2/Bax
expression and distribution, while betaine hydrochloride was
without significant effect under the co-incubation conditions with
anti-Fas antibodies, compared to anti-Fas antibodies treated
hepatocytes. Melatonin, given alone, significantly attenuated Bax
expression in the cell culture, compared to control cells, while
betaine hydrochloride alone significantly decreased Bcl-2 expres-
sion, compared to the control hepatocytes. Thus, melatonin was

Table 1 The integrity of hepatocytes treated with anti-Fas antibodies, melatonin and betaine assessed by the levels of liberated enzymes®

Experimental groups of

hepatocytes/enzymes (U 177) AST ALT y-GT ALP

Control 49.50 + 12.32 247.25 + 42.12 5.65 + 0.62 12.75 4+ 3.76

Anti-Fas antibody 166.15 £ 23.45+++ WEM 616.68 & 83.85++« MMM 7.52 & 1.95%++ W 27.85 + 5.23%+ MEN
Anti-Fas antibody + melatonin 63.50 + 18.24® 292.75 + 48.65®®® 5.50 + 1.04 10.75 + 2.99

Anti-Fas + betaine 98.00 + 12.54%** 459.12 + 62.34%%* 7.00 £ 1.34%*+ ® 13.60 + 3.87
Melatonin 50.25 + 12.22 329.75 + 42.81 3.25 4 1.02%** 8.75 & 2.97%**
Betaine 86.50 + 33.34%%* 324.71 + 53.13 6.50 & 2.95 10.50 + 3.19

% The activities of liberated aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phothatase (ALP) and gamma-glutamil
[ 1]

transferase (y-GT) were measured in collected supernatant and expressed as U 17", **¥p < 0.001 vs. control;
anti-Fas antibody + melatonin; ™p < 0.05 anti-Fas antibody vs. anti-Fas antibody + melatonin;

p < 0.001 anti-Fas antibody vs.

®©¢®, <0.001 anti-Fas antibody + melatonin vs.

anti-Fas antibody + betaine; ®p < 0.05 anti-Fas antibody + melatonin vs. anti-Fas antibody + betaine.

This journal is © The Royal Society of Chemistry 2017
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Fig.5 Bcl-2 (A) and Bax (B) expression in hepatocytes treated with anti-Fas antibodies, melatonin and betaine. The mean fluorescence intensity
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anti-Fas antibody + melatonin vs. anti-Fas antibody + betaine; ® ®p < 0.01 anti-Fas antibody + melatonin vs. anti-Fas antibody + betaine.

shown to increase the expression of Bcl-2 and to decrease the
expression of Bax protein in mouse hepatocytes, indicating
decreased susceptibility of these cells to apoptosis and hepatic
damage. Betaine hydrochloride exerted the opposite effect.

Melatonin and betaine hydrochloride nanoliposome
encapsulation and detection of susceptibility to Fe** and H,0,
induced oxidative stress

Results obtained by using nanoliposomes as a possible artificial
membrane-like phospholipid system and potential drug

o
J

FkE

¥
T =
0 L1 . EE— B S =

ONanoliposome

w
L
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M Nanoliposome + Melatonin
Nanoliposome + Betaine ONanoliposome + H202

G Nanoliposome + H202 + Melatonin ®Nanoliposome + H202 + Betaine
ENanoliposome + FeSO4 ENanoliposome + FeSO4 + Melatonin

ENanoliposome + FeSO4 + Betaine

Fig. 6 Capability of melatonin- or betaine-encapsulated nano-
liposome spheres to counteract H,O, and FeSO, induced oxidative
stress. The intensity of lipid peroxidation was estimated by the reaction
of MDA with TBA, and measured spectrophotometrically. The MDA
level was expressed as nmol (MDA)/ml (nanoliposome mixture). ***p <
0.001 vs. nanoliposome; ““p < 0.001 melatonin-encapsulated
nanoliposome vs. nanoliposome; °p < 0.05 betaine-encapsulated
nanoliposome vs. nanoliposome.

delivery system suggest that melatonin as a lipophilic molecule
may freely cross external cell membrane and be localized within
the lipid nanospheres in about 74.48 + 1.04%, while the
encapsulation efficiency of betaine hydrochloride was 51.40 +
3.99%. In this way melatonin may additionally contribute to the
intracellular membrane structure stability and counteract
oxidative stress-induced membrane damage.

Fig. 6 shows the intensity of H,O, and FeSO, induced lipid
peroxidation measured via thiobarbituric acid reactive
substances (TBARS) production, regardless of the absence or
presence of encapsulated melatonin or betaine hydrochloride
in phospholipid liposome nanospheres. According to the
results of the encapsulation of nanoliposomes with betaine
hydrochloride, it would not be considered as a successful drug-
delivery system. Fe’*-dependent TBARS (MDA) production in
nanoliposomes was markedly enhanced compared to H,O,,
significantly suppressed after melatonin encapsulation, but not
after betaine hydrochloride encapsulation.

In silico study of calculated molecular physico-chemical
properties of melatonin and betaine

Table 2 represents molecular physico-chemical properties of
melatonin and betaine calculated by using Molinspiration
tool.*® Lipinski and coworkers established an effective meth-
odology for estimation of potential drug solubility and perme-
ability based on the calculation of molecular weight, octanol/
water partition coefficient, number of H-bond donors and
acceptors. Based on the analysis of large number of drugs, a cut-
off for each of the four physico-chemical properties was set into
the “Rule of five”: poor absorption or permeation are more
likely to occur when the molecule has molecular weight more

Table 2 Molecular physico-chemical properties of melatonin and betaine calculated by using in silico Molinspiration tool*°

Compound m; log P* TPSA? Natoms® MW4 Nox® Nownnii Nyior? Nroth.” Vol
Melatonin 1.45 54.12 17 232.28 4 2 0 4 220.12
Betaine —5.41 40.13 8 117.15 3 0 0 2 119.60

“ Octanol-water partition coefficient, calculated by the methodology developed by Molinspiration. ? Polar surface area. © Number of nonhydrogen
atoms. ¢ Molecular weight. © Number of hydrogen-bond acceptors (O and N atoms). / Number of hydrogen-bond donors (OH and NH groups).
£ Number of “Rule of five” violations. ” Number of rotatable bonds. * Molecular volume.
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than 500, log P over 5, and contains more than 5 H-bond donors
or 10 H-bond acceptors. More than one violation of the rule is
the critical limit for acceptable drug-likeness.** Summarizing
the calculated physico-chemical properties of melatonin and
betaine, it was concluded that both compounds obey the Lip-
inski “Rule of five” and meet all criteria for good solubility and
permeability. Based on the physico-chemical determinants,
absorption rate and oral bioavailability were predicted in order
to gain a better insight into membrane permeability for mela-
tonin and betaine. According to the results obtained by using
ACD/I-Lab software®' betaine was predicted to have poor passive
absorption of 34% (paracellular route), while melatonin was
shown to have complete passive absorption of 100% (trans-
cellular route).

Discussion

Membrane phospholipids represent a specific sensing system
for external “death signals” or for intracellular damage,
undergoing to perturbations of the membrane lipid bilayer in
a way that phosphatidylserine (PS) is redistributed from the
inner to the outer leaflet of the plasma membrane. The
appearance of anionic PS at the cell surface is the most
remarkable feature in apoptosis because of the abundance of
this phospholipid, its negative charge and the ability to change
interactions with other lipids that probably disrupts lipid
rafts.” There is accumulating evidence showing that the
generation of reactive oxygen species and subsequent oxidative
stress associated with the initiation of apoptosis leads to
selective oxidation of phospholipids such as PS in the cyto-
plasmic layer of membrane, followed by egress of oxidized PS
(oxPS) to the surface of the apoptotic cells, effective recognition
and cell clearance by phagocytes.**>

It has been shown that Fas-mediated apoptosis induces
caspase-3 activation, chromatin condensation, PS externaliza-
tion, generation of reactive oxygen species, intracellular gluta-
thione depletion, disruption of mitochondrial transmembrane
potential, release of cytochrome c¢ (cyt ¢) from mitochondria,
followed by the increased presence of oxPS within the cells and
on the cell surface.”” Mitochondria play an essential role in
production of oxPS and its subsequent transmigration to the
cell surface during extrinsic apoptosis.*> Serving as a naturally
mitochondria-targeted protective molecule,'® melatonin regu-
lates membrane stability.” It is considered that a potential
mechanism underlying selective oxidation of PS by H,0, during
apoptosis relies on the specific interactions between positively
charged cyt ¢ and negatively charged PS. Formed oxPS (PSOOH)
may function as a substrate for cyt c peroxidase activity and
further propagate lipid peroxidation. Therefore, the departure
of cyt ¢ from mitochondria is required for production of oxPS as
well as its externalization. It has been reported that oxPS facil-
itates translocation of both PS and oxPS molecules to the cell
surface.” By the decrease of the Bax expression reported in our
study, melatonin may inhibit the release of cyt ¢ from mito-
chondria and, additionally, in this way, besides its antioxidative
activity, reduce PS externalization.

This journal is © The Royal Society of Chemistry 2017
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Moreover, it has been shown that the inhibition of caspase 8
reduces mitochondrial cyt ¢ release, the amount of oxPS and
caspase 3 activation in Fas-induced apoptosis.** Suppression
of caspase-8 activity in Fas-mediated apoptotic pathways
provides a new insight into the cytoprotective effect of mela-
tonin.* It has been found that melatonin abrogates the caspase-
8 activity in rabbit liver modulating TNF-mediated apoptotic
pathway.”® On the other hand, cyt c release induced by the
proapoptotic Bcl-2 family member Bid inserted in the outer
mitochondrial membrane can be inhibited by Bcl-2 over-
expression. The overexpression of Bcl-2 protects against
Fas-mediated apoptosis." By the increase of Bcl-2 expression
reported in this study, melatonin may inhibit mitochondrial
release of cyt c, as well. The apoptotic-induced production, and
externalization of oxPS has been detected in patients with
alcoholic liver disease.*®

In the study on prevention of bile acid-induced apoptosis by
betaine in rat hepatocytes in vitro and in vivo, it has been shown
that betaine affected neither the bile acid-induced membrane
trafficking of CD95 and tumor necrosis factor receptor nor
recruitment of Fas-associated death domain and caspase 8 to
the CD95 receptor.”” By using a model of Fas ligand-induced
apoptosis, we have obtained similar results.

Understanding the interaction and positioning of melatonin
in biological membranes is an essential step towards decoding
the mechanism of its influence on the membrane integrity, its
protective abilities®® and potential delivery of nanoliposome.
Results of the evaluation of non-receptor phospholipid
membrane melatonin uptake indicated that more than 74% of
melatonin was encapsulated into lipid nanospheres, where it
was able to counteract oxidative stress-induced membrane
damage (Fig. 6). Since lipid peroxidation of cell membrane
phospholipids caused by free-radicals has been proposed to be
a major mechanism for the onset of a number of pathological
events including apoptosis, the obtained result may suggest
that membrane localization of melatonin may serve as the first
line of defense against cell damage and apoptosis, which would
not be considered in the case of betaine hydrochloride.

These results are in accordance with other literature data.
Assuming that melatonin is located in the proximity of the polar
heads of membrane phospholipids, molecules should exaggerate
its activity against free-radicals coming from the aqueous
compartment® protecting phospholipids from oxidation.
Understanding the organization and interactions of melatonin in
membranes may shed light into its antioxidative and cytopro-
tective properties,”® and help develop a structural basis for
construction of encapsulated nanoliposomes as suitable drug
delivery system. By virtue of its ability to protect lipids from free-
radical damage, melatonin is remarkably beneficial in preserving
the morphological and functional integrity of cell membranes, in
maintaining them at optimal fluidity and preventing them from
becoming rigid. This contributes significantly to the function of
proteins (receptors, channels, pores, etc.) in the cell membranes
and helps in preserving their functional stability."”

The change in the Bax/Bcl-2 ratio may cause mitochondrial
damage mediated by the breakdown of the mitochondrial
transmembrane potential and the release of cyt ¢ into the

47-51
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cytoplasm along with subsequent caspase activation in the final
apoptotic phenotype. The relative expression of antiapoptotic
Bcl-2 is the key deciding point in regard to cell fate.>® Oxidative
stress is considered to be an important mechanism in the
apoptosis of hepatocytes and the resulting liver damage. Mela-
tonin has been documented to play a direct role in mitochon-
drial homeostasis by scavenging reactive oxygen species (ROS)
and reactive nitrogen species (RNS), improving mitochondrial
membrane integrity.>* It has been shown that melatonin may
significantly decrease the Bax/Bcl-2 ratio in irradiation-induced
apoptosis in rats' peripheral blood lymphocytes and liver.>**
Some BH3-only proteins such as Bim may directly bind to
and activate Bax, which leads to its oligomerisation, the per-
meabilization of the mitochondrial outer membrane, cyt c
release and the activation of caspase cascade.’** Bim phos-
phorylation by the extracellular signal regulated kinase 1/2
(ERK1/2) promotes its degradation through the proteasome-
ubiquitination system.** Contrary to Bim, the phosphorylation
of Bcl-2 mediated by ERK2 might be of substantial importance
for Bcl-2 stability and cell survival. Bel-2 phosphorylation lends
it its stability and rescues it from degradation and eventual cell
death through the proteasome-ubiquitination system.*® The
activity of ERK was shown to be significantly stimulated by
melatonin, suggesting that the mitogen-activated protein
kinase (MAPK)/ERK pathway is involved in constitutive and
stress-induced signaling of melatonin to promote mitochon-
drial protection and cell survival.>” Moreover, it has been shown
that the activation of the ERK1/2 pathway confers hepatocyte
resistance to death.*® It has been shown that melatonin may
sustain the activation of Akt.**-** In that way, by the activation of
Akt, melatonin may inhibit Bax proapoptotic actions. It has
been documented that Akt protects mouse hepatocytes from
TNF-o. and Fas-mediated apoptosis.®* Therefore, this is one
more possible mechanism of melatonin hepatoprotection
mediated by the activation of Akt. Furthermore, MT,;/MT, signal
transduction seems to be responsible for Bcel-2 re-localization to
mitochondria, suggesting that Bax activation may in fact be
antagonized by Bcl-2 at the mitochondrial level.** Bax trans-
location to the mitochondria and the antiapoptotic effect of
melatonin have been shown to be dependent on the presence of
Bcl-2 re-localized in the mitochondria.®

Changes in the mitochondrial membrane can trigger further
DNA cleavage, including nuclear membrane disintegration.”
Melatonin was observed to be a protector of nuclear DNA frag-
mentation. The possible mechanisms would be free-radicals
scavenging property, significant inhibition of free-radicals’
formation by xanthine oxidase (Fig. 3) and the inhibition of
DNase activity (Fig. 4). Obtained results are in accordance with
those in our previous study about the protective effect of
melatonin on rats exposed to microwave irradiation.”*** In the
present study, it was shown that exposure to betaine in Fas-
mediated apoptotic conditions may induce an increase in
DNase activity in treated hepatocytes. This result is in accor-
dance with known literature data which claim that betaine was
proven to considerably destabilize DNA.%®

Liver biomarkers (AST, ALT, ALP and y-GT) are important
criteria for the evaluation of the structural integrity of
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hepatocytes and hepatotoxicity. The liberated amounts of
enzymes indicate the severity of hepatocyte damage. In the
present study, melatonin exhibited hepatoprotective effects by
preserving liberation of hepatocyte enzymes, with significant
effectiveness when it was combined with anti-Fas antibodies in
comparison to anti-Fas antibody treatment alone. These results
are in accordance with the literature data.®”*® Betaine combined
with anti-Fas antibodies show less effectiveness in preserving
membrane stability and liberation of hepatocyte enzymes. In
the evaluation of the prevention of bile acid-induced apoptosis
by betaine in rat hepatocytes in vitro and in vivo it has been
shown that betaine may decrease the activity of these liver
enzymes, but only to a low degree of effectiveness, when it was
supplemented after bile duct ligation.”” Our results docu-
mented that betaine hydrochloride could not be considered as
a protector against membrane PS externalization nor Bcl-2/Bax
expression and redistribution, lipid peroxidation, generation of
free-radicals in reactions catalyzed by xanthine oxidase and
DNA fragmentation during apoptosis, when it was co-incubated
with anti-Fas antibodies or given alone. Obtained results may be
interpreted in terms of betaine structure and its transport
protein dependence on surrounding membrane phospholipids.
The membrane receptors and transport proteins function in
a fluid lipid bilayer environment, which is crucially involved in
their proper organization and function. The activity and regu-
lation of lipid-associated BetP is strongly dependent on the
presence of negatively charged lipids around it.>* These lipids
may contribute to inactivation or activation of BetP via specific
electrostatically favorable interactions. Modulation of transport
protein activity by external stimuli may be an important aspect
of cellular stress, including apoptosis. The influence of the
membrane surface charge has shown that the increase of strongly
negatively charged phospholipids may shift the threshold of
activation or may lead to inactive BetP conformation.®

The lipophilicity of compounds is a common property used
to estimate the membrane permeability of a molecule. It is often
measured as the log of the partition coefficient between n-
octanol and water. The partition coefficient values (Table 2),
calculated by using the Molinspiration tool,*® indicated that
betaine is more hydrophilic than melatonin, which means that
it may show lower membrane permeation, absorption rate and
bioavailability. Regarding hydrogen binding capacity, both
melatonin and betaine possess less than 5 H-bond donors and
acceptors. The conformational flexibility of the molecules
described by the number of rotatable bonds is important factor,
among others, for the assessment of the binding efficiency of
receptors and channels. The satisfactory number of rotatable
bonds is 10 or fewer, and both of the tested compounds meet
these criteria. In addition to the number of rotatable bonds,
Veber and coworkers found that the polar surface area can be
used as a good indication of permeation. The membrane
permeation rate is recognized as a common requirement for
bioavailability. The higher hydrophilicity makes the interaction
and uptake over a lipid bilayer difficult. The suggested Veber
rules are: acceptable oral bioavailability is more likely to occur
when the molecule has 10 or fewer rotatable bonds, and polar
surface area equal to or less than 140 A* and 12 or fewer

This journal is © The Royal Society of Chemistry 2017
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H-donors and acceptors. Veber and coworkers therefore also
raise the issue of molecular weight as a proper descriptor for
permeation and absorption measurement, as it might just be
positively correlated with more precise properties like the
rotatable hydrogen bonds count and polar surface area.” It was
concluded that both melatonin and betaine obey the Veber
rules. The data obtained by ACD/I-Lab*" indicate that the oral
bioavailability of melatonin is more than 70%, and of betaine
less than 30%. These values are in accordance with criteria of
Egan rule, relating to the assessment of potential drug oral
bioavailability based on the calculation of the octanol/water
partition coefficient and polar surface area.” All of the above
may indicate that the cell membrane permeation of melatonin
is higher than the permeation of betaine.

In conclusion, increased formation of reactive oxygen
species and lipid peroxidation in anti-Fas-antibody induced
apoptosis was reduced by melatonin. In this way, melatonin
may contribute to mitochondrial membrane stability and
integrity and to nuclear membrane stability. The above
mentioned effects are supported by data on the physico-
chemical characteristics of both tested compounds obtained
using in silico studies. Considering the importance of apoptosis
in a variety of liver diseases, the evidence and clarified mecha-
nisms of melatonin actions in the apoptotic and oxidative
processes, knowing its physico-chemical properties, represent
important prerequisites for the formulation of future non-toxic
nanoliposome-mediated therapy for clinical practice. In order
to provide recommendations for successful treatment of
hepatic apoptosis, it could therefore be preferable the use of
lipophylic compounds, like melatonin, rather than more
hydrophilic ones like betaine.
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