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Abstract: The importance of fluoride as a natural and industrial toxicant is recognized 

worldwide. We evaluated the regulating role and biological effect of vesicular (liposomal and 

nanoencapsulated) melatonin (N-acetyl-5-methoxytryptamine) for drug delivery and controlled 

release on the depletion of inflammatory mediators, as well as oxidative damage in sodium fluo-

ride (NaF)-treated lungs and liver. Hepatic and bronchial damage was induced in Swiss albino 

rats with a single acute ingestion of NaF (48 mg/kg body weight, oral gavage). NaF exposure 

caused the generation of reactive oxygen species (ROS); upregulation of TNF-α and TGF-β; 

decreased activities of antioxidant systems (glutathione, glutathione-S-transferase, superoxide 

dismutase, catalase), succinate dehydrogenase, membrane microviscosity, and membrane 

potential; increased activity of lipid peroxidation and nicotinamide adenine dinucleotide hydride 

oxidase; and increased hepatic and nephrite toxicities (P0.001) compared to those in normal 

animals. Charge (-ve/+ve)-specific single liposomal (dicetyl phosphate/stearylamine) and 

nanoencapsulated melatonin (4.46 mg/kg body weight, intravenous) treatments (2 hours after 

NaF exposure) significantly (P0.01/0.001) and maximally (P0.001) inhibited all alterations 

developed in NaF-mediated oxidative injuries in rat liver (+ve) and lungs (-ve), demonstrating 

their strong free radical scavenging, antioxidant and antigenotoxic properties, and vesicular 

efficiencies of targeting. Overall, these results suggest that nanoencapsulated melatonin might 

be considered as a more powerful remedial therapy in comparison to liposomes, in terms of its 

efficacy in regulating NaF-intoxicated oxidative injury.

Keywords: sodium fluoride, reactive oxygen species, inflammatory mediators, oxidative injury, 

vesicular melatonin targeting

Introduction
Fluorine, being the most electronegative element, reacts with other elements to 

form ionized fluorides.1 Fluorides are found widely in food of both animal and plant 

origin due to their extensive prevalence in air, soil, and water and are an important 

environmental pollutant arising from natural and industrial sources.2 Living organ-

isms come in contact with fluoride through food, drinking water, fluoride additives, 

toothpastes, fluoride gel,3 and inhalation of hydrofluoric gases through smoke, vapors, 

dust from burning coal, industrial manufacture of phosphate fertilizers, and volcanoes.4 

Fluoride, on entering soft tissues after crossing cell membranes by simple diffusion, 
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causes impairment.5 Drinking water contains ionic fluoride 

that crosses the intestinal mucosa by passive diffusion, and 

initiates oxidative stress and inflammation and causes devel-

opment of fluorosis, causing damage of the soft tissues.

Fluoride in aqueous solution ingested orally is converted 

to hydrogen fluoride (HF) in the acidic conditions of the 

stomach, and is transported to blood from the stomach as 

HF.6 Fluoride is then distributed throughout the body by a 

mechanism of pH gradient-dependent transport, where the 

neutral HF penetrates the cell membrane through non-ionic 

diffusion. High amounts of sodium fluoride (NaF) are known 

to cause configurational alterations and altered enzyme 

activity in cells, and to influence lipid metabolism.7 Acute 

NaF poisoning may result in death because of blocked cell 

metabolism.8 Recent studies have revealed the NaF-induced 

production of ROS and subsequent reduced functions of some 

antioxidant enzymes.9 It is postulated that increased ROS, 

lipid peroxidation, altered antioxidant defense system, and 

inflammation may attribute to the poisonous effects of NaF 

in soft tissues such as liver and lungs.10 Fluoride can activate 

microglia, the resident macrophages, and release ROS and 

pro-inflammatory factors, for example, TGF-β and TNF-α, 

characterized as modulators for various mammalian intracel-

lular signaling pathways.11

Measures to prevent and treat fluoride-induced oxidative 

damage have met limited success because of low acces-

sibility and side effects of drugs.12 Simple administration of 

the drug may not be effective in combating ROS-generated 

oxidative stress, as the drug gets diluted in the biological 

system. Therefore, it is essential to use a delivery system that 

can deliver increased amounts of drugs to specific organs. 

Liposomes and nanocapsules are well-recognized as drug 

vehicles, not only because of their biocompatible nature but 

also for their non-immunogenic property. Moreover, they 

cause controlled drug release and can be tailored to reach 

target organs.13,14

Melatonin (N-acetyl-5-methoxytryptamine), a natural 

potent antioxidant molecule, participates in maintaining 

circadian rhythms in animals. It may act as: 1) direct free 

radical scavenger,15 2) a stimulator of endogenous antioxi-

dant enzymes,16 3) a reducer of electron discharge from the 

electron transport chain by lowering ROS production,17 and 

4) an augmenter of the efficiency of other antioxidants18 

against cellular oxidative injury induced by NaF.

Melatonin, having amphiphilic O-methyl and N-acetyl 

residues, has redox-sensitive characteristics owing to the 

occurrence of an electron-rich aromatic ring allowing the 

indole amine to act as an electron donor. Thus, melatonin 

can donate an electron to .OH radicals produced by a 

toxicant. The reactive intermediate formed, melatoninyl 

cation radical, may scavenge the superoxide anion (O
2
⋅-) to 

produce 3′-acetamido-2-formamido-5-methoxy-kynuramine, 

representing a reducing power suitable for donating two 

electrons. This attribute of melatonin makes it superior for 

preventing oxidative damage to other accessible antioxidants 

which have the property of donating a single electron to 

stabilize free radicals.15

Melatonin is a small hydrophobic compound, and can 

penetrate cell membranes and other biological barriers quite 

easily.19–21 But melatonin is not acceptable as a drug scavenger 

because of its lipophilic property. Thus, vesicular forms such 

as liposome and nanocapsules, may be suitable for delivery of 

melatonin, reducing its toxicity by entrapping small amounts 

of the drug and targeting it maximally to specific sites of 

interest. Vesicles also ensure longer bioavailability by shield-

ing the drug from metabolic degradation, and higher cellular 

permeability despite poor water solubility by improving circu-

lation time and preventing the drug from getting diluted.14,22

Based on all these points, the objectives of our in vivo 

investigations were to assess the therapeutic efficacies of 

melatonin encapsulated liposomes and nanocapsules against 

NaF-induced oxidative toxicity and inflammation in rat liver 

and lungs.

Materials and methods
Chemicals
Phosphatidylethanolamine (PE), cholesterol, dicetyl phosphate 

(DCP), stearylamine, poly (D,L-lactide-co-glycolide) (PLGA) 

(molecular weight: 50,000–75,000; lactide:glycolide 85:15), 

and didodecyl dimethyl ammonium bromide (DDAB), bovine 

serum albumin (BSA), 2,6-dichloroindophenol (DCIP), 

phenazine methosulfate (PMS), and succinic acid were 

obtained from Sigma-Aldrich Co. (St Louis, MO, USA). 

Chloromethyl derivative of 2′,7′-dichlorodihydrofluorescein 

diacetate (CM-H
2
DCFDA) was obtained from Thermo 

Fisher Scientific (Waltham, MA, USA). Ethyl acetate  

(EA; AR grade) was obtained from Rankem Fine Chemicals 

(New Delhi, India). Methanol and chloroform were obtained 

from E Merck (Darmstadt, Germany). Both melatonin and 

NaF were obtained from MP Bio medicals, LLC (Santa Ana, 

CA, USA). Other chemicals used were of analytical grade.

Preparation of liposomal melatonin
Two types of liposomes were prepared to target two different 

organs; DCP and stearylamine were used to target liver and 

lung tissue, respectively. Multi-lamellar liposomes were 
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made with PE, cholesterol, DCP/stearylamine, and melatonin 

in the molar ratio of 7:1:1:1.13 Briefly, PE, cholesterol, DCP/

stearylamine, and melatonin were dissolved in a mixture 

of methanol and chloroform (1:2 v/v) in a round-bottomed 

flask. A thin dry coating was formed in the inner side of 

the flask on evaporating the organic solvents, and the flask 

was desiccated overnight. The dried layer was swollen in 

phosphate-buffered saline (PBS; pH 7.2) for 1 hour and 

then sonicated for 30 seconds with a probe type sonicator. 

The suspension was spun at 105,000× g in a Sorvall RC 5B 

Plus ultracentrifuge (Sorvall T-865 rotor; Thermo Fisher 

Scientific) for 1 hour, the pellet was washed twice with PBS 

and resuspended in 2 mL PBS.

Preparation of nanoencapsulated 
melatonin
To prepare melatonin encapsulated nanocapsules, a modi-

fied emulsion-diffusion-evaporation method14 was used. 

In brief, melatonin (15.499 µmol/L) was dissolved in 

0.5 mL EA and 36 mg PLGA was dissolved in 2 mL EA at 

room temperature. Both the organic solutions of PLGA and 

melatonin were mixed and emulsified by drop-wise addition 

to a 5 mL aqueous phase containing DDAB. The resultant 

emulsion was stirred for 3 hours at room temperature before 

homogenization at 15,000 rpm for 5 minutes, and again 

stirred in a water bath at 40°C for 2 hours. The suspension 

was spun at 105,000× g in a Sorvall RC 5B Plus ultra-

centrifuge utilizing a Sorvall T-865 rotor for 1 hour. The 

nanoencapsulated deposit was cleaned twice with Milli-Q 

water, re-suspended/lyophilized with previously added 

20% sucrose as cryoprotectant,23 and stored at -20°C for 

further use.

Determination of encapsulation efficiency 
and drug loading
The encapsulation efficiency of liposomal and nanoencap-

sulated formulations was assayed spectrophotometrically 

(Rayleigh UV-2601 spectrophotometer; Beijing Beifen-Ruili 

Analytical Instrument Co., Ltd., Beijing, People’s Republic of 

China). The supernatants of liposomal and nanoencapsulated 

suspensions collected by ultracentrifugation were lyophilized 

and then dissolved in 2 mL methanol for 24 hours at 4°C. 

The encapsulation efficiency and drug loading of vesicular 

melatonin were measured following the formulas:

 

Encapsulation efficiency (%)  

[(Total amount of formulate

=
dd drug Amount of supernatant  

drug)/total amount of formu

−
llated drug] ×100.  

 

Drug loading (%) 

[(Total amount of formulated drug Amoun

=
− tt of

supernatant drug vesicular mass

 

/) ] .×100  

Study design in animal model
Thirty male Swiss albino rats (100–120 g) were sorted into 

six groups of five animals each. The rats were placed in a 

room with controlled humidity and temperature, and adapted 

to 12-hour light-dark cycles for 1 week. One group (normal) 

was administered PBS (intravenous), and the other five 

(experimental) groups were treated once with NaF (48 mg/kg 

body weight) by oral gavage. The second group was treated 

once with NaF alone. The third group was treated with free 

drug by tail vein injection (4.46 mg/kg body weight) 2 hours 

after exposure to NaF. The other two groups were treated with  

liver- and lung-targeted DCP and stearylamine liposomal 

melatonin (4.46 mg/kg body weight) (intravenous) 2 hours 

after NaF was administered. The sixth group was treated 

with nanoencapsulated melatonin (4.46 mg/kg body weight) 

(intravenous) 2 hours after administration of NaF. Each 

group of animals was anesthetized using urethane (1.5 g/kg, 

 intra-peritoneal) and sacrificed 24 hours after melatonin 

administration. The liver and lungs were dissected and 

stored at -20°C. All animal work was carried out as per the 

guidelines and approval of the Institutional Animal Ethics 

Committee (Indian Institute of Chemical Biology), India, 

Registration Number 147/99/CPC SEA, and the guidelines of 

“Principles of Laboratory Animal Care” (National Institutes 

of Health publication number 85-23, 1985).

Preparation of 125Iodinated melatonin
Melatonin was radio-iodinated using the chloramines-T 

method.24 Radioactive counting was done with a γ-ray 

spectrometer after separating the melatonin from the reac-

tion mixtures.14

Stability of 125Iodinated melatonin, 
liposomes, and nanocapsules in vivo
Multilamellar liposomes and nanocapsules were prepared 

with 125Iodinated melatonin ([125I]-Iodomelatonin), DCP, 

and stearylamine as described previously. Twelve male 

Swiss albino rats (100–120 g), sorted into four groups 

of three animals each, were injected intravenously with 

[125I]-Iodomelatonin, liposomal [125I]-Iodomelatonin, or 

nanoencapsulated [125I]-Iodomelatonin (1×106 cpm in 500 µL)  

2 hours after NaF oral gavage. Blood was drawn through tail 

vein at 1.5 minutes, 4.5 minutes, 9 minutes, 17 minutes, and 

30 minutes post-injection. The total radioactivity in blood 
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was calculated considering the total volume of blood as 6% 

of the total body weight. The % radioactivity in blood was 

plotted against time, and half-life (t
1/2

) of each type of [125I]-

Iodomelatonin, liposomal [125I]-Iodomelatonin or nanoencap-

sulated [125I]-Iodomelatonin was calculated by the equation 

t
1/2

 =0.693/kel (where kel is the elimination rate constant k 

represented as volume of distribution/clearance).25

Distribution of free 125Iodinated 
melatonin and its vesicular forms in 
different tissues
After 30 minutes of [125I]-Iodomelatonin, liposomal, or nano-

encapsulated [125I]-Iodomelatonin administration, the rats 

were sacrificed through cervical dislocation and the amount 

of radioactivity in each tissue was determined with a γ-ray 

spectrometer and expressed as % uptake of total amount of 

injected dose per g of tissue.

Estimation of in vitro stability of 
liposomes using 6-carboxyfluorescein 
(6-CF)
Liposomal stability was assessed using 6-CF-encapsulated 

liposomes. Liposomal encapsulated 6-CF suspension 

(300 µL) was added to 1,200 µL PBS (pH 7.2) and rat plasma 

respectively, and incubated for 0–3 hours. Fluorescence was 

measured, after lysing the 6-CF-entrapped liposomes with 

10% Triton-X-100, with a fluorescence spectrometer (Per-

kin Elmer LS-3; PerkinElmer Inc., Waltham, MA, USA) at 

excitation wavelength of 490 nm and emission wavelength 

of 520 nm. For each time point, the initial fluorescence (F
0
) 

and final fluorescence (F
T
) were recorded and % latency was 

calculated using the formula:26

 Latency (%) = [(F
T
 – F

0
)/F

T
] × 100 

liposome and nanocapsule 
characterization using atomic force 
microscopy (AFM)
AFM was accomplished with an Agilent Technologies, 5500 

Pico Plus AFM system (Agilent Technologies, Santa Clara, 

CA, USA). All the images were taken with the acoustic 

mode using cantilevers possessing resonance frequency 146–

236 kHz, tip height 10–15 µm, and tip length 225 µm. Sample 

suspensions deposited on freshly cleaved mica were dried in 

air (65% humidity) for 30 minutes. Images were captured and 

analyzed with Picoview 1.10.4 version software (Molecular 

Imaging Corporation, San Diego, CA, USA).

Liposome characterization using scanning 
electron microscopy (SEM)
A JSM-6360 (JEOL, Tokyo, Japan) was used for SEM. The 

liposomal samples were put on specimen stubs coated with 

carbon tape, dried and made a thin film of palladium by a fully 

automated vacuum and sputter coater (JEOL Smart Coater). The 

sample was loaded in the air-locked specimen chamber drawer; 

the vacuum was maintained at 10-5 Torr range. The high energy 

beam was focused on the sample and image was captured.

Isolation of mitochondria
Lung and liver mitochondria were separated using differen-

tial centrifugation.27 Liver and lungs were quickly removed 

from euthanized rats and homogenized in 0.23 M mannitol, 

15 mM 3-(N-morpholino)propanesulfonic acid potassium 

hydroxide (pH 7.2), and 0.07 M sucrose buffer at a ratio of 

9 mL buffer/1 g of tissue by a homogenizer with a Teflon 

pestle. The homogenate was spun at 700× g for 10 minutes 

and the supernatant at 8,000× g for 10 minutes to yield the 

mitochondrial pellet. The mitochondrial fraction was washed 

with the same buffer and frozen in liquid N
2
. To obtain 

sub-mitochondrial membranes which are required for the 

determination of enzyme activities and protein estimation, 

the mitochondria were frozen and thawed twice, and homog-

enized by passage through a 15/10 tuberculin needle.14

Succinate dehydrogenase (SDH) activity
The activity of SDH enzyme was determined at 30°C by 

the PMS-mediated reduction of DCIP following the method 

described by Elingold et al.28 Specific activity was expressed 

as units per mg of protein.

Nicotinamide adenine dinucleotide 
oxidase activity assay
Nicotinamide adenine dinucleotide hydride (NADH) oxidase 

activity of sub-mitochondrial particles (0.2 mg/mL) was 

determined by measuring the oxidation of NADH at 340 nm 

at 30°C.28

Membrane fluidity
Fluorescence depolarization of diphenyl hexatriene was mea-

sured to observe fluidity changes of the sub-mitochondrial 

membrane accompanying the gel-to-liquid crystalline phase 

transition.14

Membrane potential
Cell membrane potential was estimated by rhodamine 123 

fluorescence28 at 498 nm excitation and 525 nm emission in a 

Perkin Elmer LS-3B spectrofluorometer (PerkinElmer Inc.).
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Measurement of ROS
Intracellular ROS in liver and lung tissue was measured14 

using a probe, CM-H
2
DCFDA. Fluorescence was estimated 

at 499 nm excitation and 520 nm emission wavelengths in a 

spectrofluorometer (LS-3B, PerkinElmer Inc.)

Measurement of lipohydroperoxide level
Lung or liver tissue was homogenized in ethylenediaminetet-

raacetate-PBS (10% w/v). The amount of conjugated dienes 

formed by lipid peroxidation was expressed as µmol lipohy-

droperoxide/mg protein following the earlier method.14

Assay of cytosolic enzymes and reduced 
glutathione (GSH)
Lung or liver homogenates were centrifuged at 10,000× g 

for 15 minutes, followed by centrifugation of the supernatant 

at 105,000× g for 1 hour, to obtain the cytosol fraction. The 

catalase activity was determined spectrophotometrically at 

660 nm followed by calculating the rate of degradation of 

H
2
O

2
.14 Superoxide dismutase (SOD) activity,29 glutathione-

S-transferase (GST) activity,27 and GSH30 in liver and lung 

tissues were estimated as described previously.

Western blot
Lung or liver tissue was homogenized (10% w/v) in a lysis 

buffer (100 mM tris [pH 7.4], 150 mM sodium chloride, 1% 

triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl 

sulfate, 5 mM ethylenediaminetetraacetate, 1 mM phenyl-

methylsulfonyl fluoride, 5 µg/mL protease inhibitor cocktail) 

using a Dounce homogenizer at 4°C. The homogenates were 

spun at 15,000× g for 15 minutes. The supernatant cytosolic 

fractions were mixed with Laemmli dye, boiled for 5 minutes, 

and run on sodium dodecyl sulphate-12.5% polyacrylamide 

gels at 100 V, followed by electrophoretic transfer to polyvi-

nylidene fluoride membrane (EMD Millipore, Billerica, MA, 

USA) at 15 V for 20 minutes in a Trans-Blot semi-dry blotting 

apparatus (Bio-Rad Laboratories Inc., Hercules, CA, USA). 

The membrane was blocked with BSA in PBS and incubated 

with the primary anti-TNF-α or TGF-β antibody (1:500 

dilution) and secondary alkaline phosphatase-conjugated 

rabbit anti-goat IgG antibody (1:10,000 dilution). Protein 

bands were visualized by using 5-bromo-4-chloro-3-indolyl-

phosphate/nitroblue tetrazolium substrate solution (Sigma-

Aldrich Co.) and the intensities were expressed as relative 

pixel densities using the Image J software system (National 

Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Statistical analysis was carried out with one-way analysis 

of variance with post hoc Tukey’s test using SPSS software 

Version 15.0 (SPSS Inc., Chicago, IL, USA). In all cases 

minimum significant level was kept at P0.05.

Results
Bioavailability of stearylamine/DCP-
liposomal and nanoencapsulated [125I]-
Iodomelatonin in blood plasma
The bioavailability of liposomal and nanoencapsulated [125I]-

Iodomelatonin is shown in Figure 1A. It was observed that 

stearylamine- and DCP-liposomal [125I]-Iodomelatonin had 

circulation times of ~5.6 minutes and ~5.3 minutes respec-

tively, whereas for nanoencapsulated [125I]-Iodomelatonin the 

circulation time was ~11.9 minutes, compared to ~4.6 minutes 

for free [125I]-Iodomelatonin. The values of % radioactivity 

varied significantly for the liposomal and nanoencapsulated 

forms compared to those for [125I]-Iodomelatonin (P0.05, 

P0.01, and P0.001).

Distribution of [125I]-Iodomelatonin and 
its liposomal/nanoencapsulated forms in 
different tissues
The distribution of free, liposomal, and nanoencapsulated 

[125I]-Iodomelatonin in tissues is shown in Table 1 and Figure 

1B. The uptake of DCP-liposomal and nanoencapsulated 

[125I]-Iodomelatonin was more (P0.001) compared to 

[125I]-Iodomelatonin, whereas the uptake of stearylamine-

liposomal [125I]-Iodomelatonin was less (P0.01) in the 

liver. In the spleen, the same significant pattern was observed 

as described for the liver. The uptake of DCP, stearylam-

ine-liposomal, and nanoencapsulated [125I]-Iodomelatonin 

was more (P0.001) compared to [125I]-Iodomelatonin in the 

lung. In the heart, the uptake was more significant (P0.01) 

for DCP, stearylamine-liposomal, and nanoencapsulated 

[125I]-Iodomelatonin compared to [125I]-Iodomelatonin. 

In the kidney, the uptake was more (P0.01) for DCP, 

stearylamine-liposomal, and nanoencapsulated [125I]-Iodome-

latonin compared to [125I]-Iodomelatonin.

Estimation of in vitro and ex vivo stability 
of liposomes using 6-CF as shown by % 
latency
It was observed that both 6-CF-loaded stearylamine and 

DCP-liposomes were more stable in PBS (pH 7.2) than in 

rat plasma after 3 hours (Figure 1C). Fifty percent latency of 

liposomes in the plasma required ~2 hours and ~1.8 hours, 

respectively. The % latency for both 6-CF-loaded stearylam-

ine and DCP-liposomes in rat plasma was significant 

(P0.001) at 1–3 hours compared to the value for PBS, 

except at initial times when P0.01.
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In our earlier reports, the concentration of drug release 

from PLGA with DDAB was measured in PBS (pH 7.2) and 

rat plasma. A pharmacokinetics study showed that release of 

compounds (about 32% and 38%) occurred at 24 hours by 

diffusion through the polymer matrix, followed by a sustained 

release by diffusion and slow degradation of the hydrophobic 

polymer matrix by hydrolytic cleavages of the ester linkage.14,31 

On the other hand, the liposomal formulation exhibited a pat-

tern of steady release (Figure 1C).22

Characterization of liposomal and 
nanoencapsulated melatonin
The size of the liposomes varied from 66 to 200 nm (Figure 2A 

and B). SEM images showed spherical-shaped liposomes 

loaded with melatonin with a diameter of ~170 nm. AFM 

images showed that liposomes were more or less spherical 

in shape (~114 nm and ~67 nm). Our previous studies using 

transmission electron microscopy (TEM), SEM, and AFM 

showed that the size of liposomes was larger (60–200 nm) 

Figure 1 In vivo stability and half-life of free, charge-specific liposomal and nanoencapsulated [125I]-Iodomelatonin in circulatory system (A), in vivo uptake of free, charge-
specific liposomal and nanoencapsulated [125I]-Iodomelatonin in different organs (B), in vitro and ex vivo release profiles of 6-CF encapsulated in charge-specific liposomes 
in PBs and in rat plasma (C). Data indicate the mean ± standard deviation of three animals. All vesicular groups were compared with [125I]-Iodomelatonin, where *P0.05, 
**P0.01 and ***P0.001 (A); *P0.001, otherwise P0.01 (B); for (C), % latency of stearylamine- and DCP-liposomal 6-CF in rat plasma was compared to PBS value at 
1–3 hours where P0.001 except at 0 hour, P0.01.
Abbreviations: [125I]-Iodomelatonin, 125Iodinated melatonin; 6-CF, 6-carboxyfluorescein; PBS, phosphate-buffered saline; DCP, dicetyl phosphate.

Table 1 Uptake of free, charge-specific liposomal and nanoencapsulated [125I]-Iodomelatonin in different organs

Experimental groups Uptake of injected dose (%)

Liver Spleen Heart Lungs Kidney

[125I]-Iodomelatonin 28.4±2.3 5.6±0.2 0.61±0.02 5.34±0.2 0.71±0.02
DCP-liposomal [125I]-Iodomelatonin 52.6±2.9* 7.1±0.26* 0.82±0.04 7.46±0.27* 0.94±0.05
Stearylamine-liposomal [125I]-Iodomelatonin 30.8±2.6 6.3±0.24 0.74±0.03 10.62±0.32* 0.82±0.04
Nanoencapsulated [125I]-Iodomelatonin 73.7±3.2* 9.2±0.29* 0.94±0.06 12.01±0.42* 1.4±0.08

Notes: Mean ± standard deviation (n=3) values for DCP/stearylamine-liposomal/nanoencapsulated [125I]-Iodomelatonin were compared with those of free [125I]-Iodomelatonin, 
*P0.001, otherwise P0.01.
Abbreviations: [125I]-Iodomelatonin, 125Iodinated melatonin; DCP, dicetyl phosphate.
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compared to nanocapsules (6–100 nm), both having a spheri-

cal shape.14,22,32–35 Topological analysis by AFM demonstrated 

greater heights of liposomes (~4 nm) (Figure 2) compared to 

nanocapsules (~2 nm).22 Even though liposomes and nanocap-

sules were both spherical, nanocapsules were narrower in size 

distribution in comparison to liposomes.

The entrapment efficiency of melatonin was higher in lipo-

somes (~82%±4.2%) compared to nanocapsules (~69%±3.4%), 

while the drug loading of melatonin was higher in the lipo-

somes (~7.45%) compared to nanocap sules (~6.86%).

ROS levels in rat liver and lungs
The fluorescence intensities generated by oxidation of 

CM-H
2
DCFDA to DCF were proportional to the amount of 

ROS generated in the cells. ROS generation was increased  

(~2.6- and ~3.4-fold, respectively) in the liver and lungs of 

NaF-treated rats in comparison to normal rats. Rats treated with 

free melatonin after NaF exposure showed ~1.1- and ~1.5-fold  

decrease respectively in ROS production compared to 

NaF treatment. In rats treated with melatonin-loaded DCP/

stearylamine liposomes, ROS productions exhibited higher 

diminished values (~1.6- and ~2.8-fold, respectively) 

compared to NaF-induction, where the nanoencapsulated 

melatonin treatment showed maximum decrements (~2.4- and 

~3.4-fold, respectively) in rat liver and lungs (Figure 3A).

Effects of melatonin-loaded liposomes/
nanocapsules on NaF-induced lipid 
peroxidation in liver and lungs
To investigate the degree of damage in NaF-treated rats, the 

values of lipohydroperoxides were monitored in rat liver 

and lung homogenates. The effects of free melatonin and 

DCP/stearylamine-liposomal and nanoencapsulated mela-

tonin on increments in the amount of lipohydroperoxides 

in NaF-administered rats are demonstrated in Figure 3B. 

Data indicate that lipohydroperoxide levels were enhanced 

Figure 2 Characterization of liver- and lung-targeted liposomal melatonin. SEM images of melatonin-loaded DCP-liposome (Ai) and stearylamine liposome (Bi) at a 
magnification of 55,000× and 35,000× were captured. AFM images of melatonin-loaded DCP/stearylamine liposomes at a magnification of 1×1 µm/0.96×0.96 µm (Aii)/(Bii) 
were obtained 2 minutes after coating on mica sheet. Charge-specific liposomal melatonin is shown by topography-flattened views. Vertical cross sections denote the height 
of the specific liposomes from the mica support. The arrows in Aii and Bii indicate the diameters of DCP-liposome and stearylamine liposome, respectively.
Abbreviations: SEM, scanning electron microscopy; DCP, dicetyl phosphate; AFM, atomic force microscopy.
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(~2.8/~5.1-fold) by the administration of NaF orally in 

contrast to normal values. Free melatonin resulted in less 

inhibition (~1.2/~1.4-fold) against NaF-induced liver and 

lung toxicities compared to NaF-treated animals. Lipohy-

droperoxide productions in the liver and lungs were mark-

edly reduced (~1.6/~2.6-fold) by melatonin-loaded DCP/

stearylamine-liposomal treatments, where the reductions 

(~2.4/~4.6-fold) were maximal in nanoencapsulated mela-

tonin treatments in comparison to NaF-treated animals.

Mitochondrial respiratory complex 
enzyme activities
The mitochondrial NADH oxidase and SDH activities of the 

electron transport chain were studied in rat liver and lung cells 

(Figure 4A and B). NADH oxidase was increased (~2/~2.2-

fold) in NaF-treated rats but the level of SDH activity was 

reduced (~1.7/~2.1-fold) in comparison to the normal values. 

Melatonin-loaded DCP/stearylamine-liposomal and nano-

encapsulated treatments were able to bring the levels close 

(~1.3/~1.5- and ~1.4/0.6-fold decrease/increase, respectively) 

and closer (~1.9/~2- and ~1.5/~1.9-fold decrease/increase, 

respectively) to the normal values compared to the NaF-treated 

group. However, free melatonin treatment after oral gavage of 

NaF was unable to bring the levels close (~1.1/1.1- and ~1/~1.1-

fold decrease/increase, respectively) to the normal values.

Changes in NaF-induced liver and lung 
cell membrane microviscosity
Exposure of rats to NaF caused a decrease (~1.8- and ~2-fold) 

in microviscosity of liver and lung cell membrane compared 

to the membrane from normal animals (Figure 5A). Free 

melatonin treatment reduced the alteration (~1- and ~1.1-fold) 

in liver and lung membrane microviscosity, whereas 

melatonin-encapsulated DCP/stearylamine-liposomal and 

Figure 3 Evaluation of ROS (DCF fluorescence) (A) and conjugated dienes (lipohydroperoxides) (B) in rat liver and lungs. NaF-treated rats were compared with normal rats, 
whereas melatonin-administered rats were compared with the NaF-treated rats. Data represent mean ± standard deviation of five animals; *P0.01, **P0.001.
Abbreviations: DcF, 2′,7′-dichlorofluorescein; NaF, sodium fluoride; ROS, reactive oxygen species.

Figure 4 Effects of acute NaF-intoxication in NADH (A) and SDH (B) activities in rat liver and lungs and its regulation by liposomal/nanoencapsulated melatonin. Data show 
mean ± standard deviation of five rats. NaF-treated batch was compared with normal, whereas melatonin-administered batches were compared with NaF-treated batch; 
*P0.01, **P0.001.
Abbreviations: NaF, sodium fluoride; NADH, nicotinamide adenine dinucleotide hydride; SDH, succinate dehydrogenase; DCIP, 2,6-dichloroindophenol.
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nanoencapsulated treatments inhibited liver and lung cell 

membrane microviscosity more (~1.5/~1.6-fold) and maxi-

mally (~1.7/~1.9-fold) compared to NaF-treated rats.

Dissipation of liver and lung cell 
membrane potential
NaF administration decreased (~2- and ~2.4-fold) the liver 

and lung cell membrane potential compared to normal 

values (Figure 5B). However, free melatonin treatment 

after NaF exposure showed less decrement (~1.1- and ~1.1-

fold) in liver and lung cell membrane potential compared 

to NaF treatment. Appreciable and maximum repressions 

(~1.6/~1.9- and ~1.9/~2.3-fold, respectively) in mem-

brane dissipation were found after melatonin-loaded DCP/

stearylamine-liposomal and nanoencapsulated treatments in 

liver and lung cells in comparison to NaF-treated rats.

Expressions of TNF-α and TGF-β in liver 
and lung
The expressions of TNF-α and TGF-β after rats were gavaged 

orally with NaF were enhanced (~1.7/~7- and ~4.5/~1.8-fold) 

in liver and lung cytosol compared to normal rats, as observed 

by Western blot. Liposomal and nanoencapsulated melatonin 

treatments after NaF exposure lowered the values of TNF-α 

and TGF-β (~1.4/~1.6- and ~1.4/~1.2-fold and ~1.7/~3.2- 

and ~2.2/~2.1-fold, respectively) (Table 2; Figure 6).

Effect of liposomal/nanoencapsulated 
melatonin on NaF-induced changes in 
antioxidant defense system
The marked depletion of antioxidant activities of the endog-

enous antioxidant defense system, for example, GSH, GST, 

SOD, and catalase were assayed in NaF-treated rat lungs 

and liver, compared to normal counterparts (Table 3). Free 

melatonin treatment showed less decrement of the antioxidant 

activities where liposomal/nanoencapsulated melatonin treat-

ment, after administration of NaF, exerted more/maximum 

enhancement of antioxidant levels in both rat liver and lungs 

compared to NaF-treated rats.

Effect of vesicular melatonin on NaF-
induced hepatic and nephrite toxicity
The activities of hepatic and nephrite enzymes such as 

alkaline phosphatase, serum aspartate transaminase, urea, 

Figure 5 Evaluation of mitochondrial membrane microviscosity (A) and potential (B) in experimental rat liver and lungs. NaF-treated rats were compared with normal rats, 
whereas melatonin-administered rats were compared with the NaF-treated rats. Results denote mean ± standard deviation of five rats; *P0.01, **P0.001.
Abbreviation: NaF, sodium fluoride.

Table 2 Quantifications of TNF-α and TGF-β

Experimental groups TNF-α (pixel density) TGF-β (pixel density)

Liver Lung Liver Lung

Normal 18.717±0.052 5.616±0.059 11.711±0.052 29.784±0.134
NaF-treated 32.444±0.979 39.223±1.212 52.405±1.242 54.08±1.452

NaF + liposomal melatonin treated 22.327±0.337 24.629±0.601 36.286±0.602 44.013±0.886
NaF + nanoencapsulated melatonin treated 19.201±0.151 12.122±0.123 23.912±0.198 25.974±0.202

Notes: Values represent pixel densities of bands on immunoblots of liver or lung protein from animals in various experimental groups. Data have been represented as 
mean ± standard deviation of five rats. NaF-treated group was compared with normal animals, and melatonin-administered animals were compared with the NaF-treated 
animals, P0.001.
Abbreviation: NaF, sodium fluoride.
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Figure 6 Western blot analysis (A) of TNF-α and TGF-β, demonstrated as histogram (B), indicating representative pixel intensities of bands on immunoblots of rat liver and 
lung protein. Data represent mean ± standard deviation of five rats. NaF-treated rats were compared with normal rats and the melatonin-administered rats were compared 
with the NaF-treated rats, where P0.001.
Abbreviation: NaF, sodium fluoride.

α β

α

β

β

and creatinine in serum were determined in all groups of 

rats (Table 4). Rats exposed to NaF showed a remarkable 

increase in all the activities in comparison to normal rats. 

The activities were reduced more/maximally by the treat-

ment of DCP/stearylamine-liposomal and nanoencapsulated 

melatonin respectively.

Discussion
Liposomes and nanocapsules were found to be more stable in 

PBS than in plasma, as demonstrated by a lower percentage 

of liberation of the entrapped component into the medium, 

due to interactions with the complement system36 causing a 

faster disruption of the vesicles (Figure 1C).14 Our results 

show that [125I]-Iodomelatonin has a lower t
1/2

 compared to 

that of its vesicular forms, indicating the faster uptake of 

liposomes/nanocapsules into reticuloendothelial cells,37 and 

delayed clearance from circulation due to their smaller size 

(Figure 1A). The higher increment in uptakes of liver- and 

lung-specific liposome/nanocapsule-encapsulated [125I]-

Iodomelatonin compared to [125I]-Iodomelatonin may be 

considered to be due to passive targeting to the NaF-injured 

organs (Table 1, Figure 1B).

In the course of metabolism of xenobiotic compounds 

causing diseases, ROS is frequently produced in different 

organs.38 The present study reveals that acute intoxication 

with NaF causes hepatic and bronchial toxicities in rats, 

with various levels of severity, through the increased ROS 

generation (Figure 3A), indicating fluoride initiated oxida-

tive injury. This physiopathological condition appears when 

production of ROS in cells by the toxic entities exceeds 

antioxidant defense capacity of the body, causing damage 

to molecules, such as lipids and proteins.39 Antioxidant 

enzymes are responsible for the first line of cellular defense, 

as they prevent macromolecules from the oxidative damage.40  

In this study, the reduced levels and activities of GSH, SOD, 

catalase, and GST in lung and liver tissues were observed, 

probably due to interaction of fluoride with metal ions in these 

enzymes.41 As a result of the impaired activity of the antioxi-

dant protection system, H
2
O

2
 and lipohydroperoxides accu-

mulated in tissues, leading to injury of cellular membranes, 

which was reverted significantly by vesicular melatonin treat-

ment (Table 3; Figure 3). The second line of cellular defense 

includes GSH to maintain the redox balance. Enhanced GSH 

content induced by liposomal/nanoencapsulated melatonin 

shows its role in reducing oxidative injuries in rat lungs and 

liver caused by an acute dose of fluoride (Table 3).

Exposure to fluoride hampers the normal activity of an 

electron transporter, ubiquinone, in the respiratory chain, 

inducing ROS generation.42 Respiratory mitochondrial 

complex I has NADH oxidase activity, whereas complex II 

has SDH activity. The increased activation of NADH oxi-

dase by the exposure of NaF (Figure 4A) indicates higher 

ROS generation correlating with a damaged mitochondrial 

electron transport system, contributing to mitochondria-

related diseases.43 Reduced activity of SDH after treatment 

with NaF (Figure 4B) indicates reduced electron transport 

through FADH
2
 (1,5-dihydro flavin adenine dinucleotide), 

resulting in dissipation of membrane potential (Figure 5B). 

The drop in membrane potential was also accompanied by 

a decrease in membrane microviscosity (Figure 5A) in liver 

and lungs, probably owing to the accumulation of oxida-

tively damaged lipids and proteins, which was reverted 

significantly by treatment with charge-specific liposomal or 

nanoencapsulated melatonin.
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Fluoride-induced inflammation inhibited by vesicular 

melatonin, was observed in our study (Table 2; Figure 6). 

Kupffer/macrophage cells may intervene in the second phase 

of hepatic and bronco-cellular damage induced by ROS 

intermediates,44 and activate prime Ito cells for production of 

augmented extracellular matrix components during fibrogen-

esis mediated by TGF-β (Table 2; Figure 6).45 Thus, cytokines 

and few other factors, for example, TNF-α (Table 2; Figure 

6)46,47 may take part in the injury of reticuloendothelial cells.

For hepatic/bronchial cellular injury, melatonin-loaded 

vesicles, competent to target their cargo to the effected cells, 

may be used for maximum therapeutic efficacy in comparison 

to free melatonin treatment (Tables 1–4; Figures 1–6).48 To 

increase site specificity to the liver, DCP was used because 

it possesses -ve charge attracted to +vely charged liver cells, 

while cationic liposomes containing stearylamine were used 

to target -vely charged bronchial cells via endocytosis.49–51 

Nanoencapsulation of melatonin in PLGA stabilized with 

cationic surfactant DDAB, was found to be the most effec-

tive in preventing NaF-induced oxidative injury in rat liver 

and lungs, as these nanoparticles are transported to -vely 

charged lysosomes, followed by their rapid accumulation in 

the electron-dense mitochondria.52–56

Melatonin, an indole amine neurohormone, may exert 

a regulatory function as a lipophilic antioxidant (Table 1; 

Figures 3A and 4A), with anti-inflammatory activities (Table 2; 

Figure 6).57 The interactions of melatonin with ROS (mainly 
.OH), indicate the potent free radical scavenging activity, as 

demonstrated by others.58 It may also stimulate intracellular 

free radical scavenger and antioxidant GSH to increase 

GSH concentration (Table 3).57 Moreover, mitochondrial 

binding sites for the indole ring of melatonin may be 

responsible for inhibiting NADH-oxidase-dependent ROS 

generation, as well as lipid peroxidation induced by NaF 

(Figures 3A and 4A).57

Conclusion
Our work has revealed that NaF intoxication caused oxidative 

injuries, upregulation of TNF-α and TGF-β in rat liver and 

lungs, which may be prevented by treatment with melatonin, 

and especially with its vesicular forms with higher biological 

efficiencies. Even though clinical application of melatonin 

is restricted due to its lipophilicity with little bioavailability 

and toxicity, nanoencapsulated melatonin may be judged 

as an alternative remedial approach for NaF-induced poi-

soning because of its long shelf life, smaller size, better 

cellular uptake, and prolonged drug-liberating capability 

in vivo.14,59,60T
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Table 4 Effect of vesicular melatonin on serum markers for NaF-induced oxidative damage

Experimental groups AP (U/L) SAT (IU/L) Urea (g/L) Creatinine (mg/L)

Normal 271.467±15.14 33.978±3.82 0.43±0.04 11.6±3.01
NaF-treated (A) 620.548±31.42** 66.793±7.24** 0.86±0.08** 60.67±6.03**
a + free melatonin treated 590.163±28.64** 59.685±6.78** 0.82±0.07* 47.18±5.14**
a + DCP-liposomal melatonin treated 420.578±22.74** 44.764±5.12** 0.58±0.06** 29.19±4.52**
a + stearylamine-liposomal melatonin treated 443.692±24.23** 47.389±5.33** 0.60±0.06** 31.22±4.64**
a + nanoencapsulated melatonin treated 309.645±18.47** 36.487±4.46** 0.46±0.05** 15.46±3.82**

Notes: Data show mean ±  standard deviation of five rats. The NaF-treated batch was compared with normal animals, and the melatonin-administered batches were 
compared with the NaF-treated batch. *P0.01, **P0.001.
Abbreviations: NaF, sodium fluoride; AP, alkaline phosphatase; SAT, serum aspartate transaminase; DCP, dicetyl phosphate.
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