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Beta-carotene is a carotenoid precursor of vitamin A, known for its biological activities. Due to its high
hydrophobicity, nanonization processes, i.e. the transformation into nanoparticles, can improve its water
affinity, and therefore the activity in aqueous systems. The objective of this study was to produce beta-
carotene nanoparticles by the solid dispersion method and to evaluate their effects on the activity of glu-
tathione-S-transferase and acetylcholinesterase enzymes using Drosophila melanogaster (DM) homogen-
ate, the superoxide dismutase- and catalase-like activities under in vitro conditions, and their cytotoxic
properties against tumor and non-tumor cells. The formed nanometric beta-carotene particles resulted
in stable colloids, readily dispersed in water, able to modulate acetylcholinesterase (AChE) activity, and
presenting high potential to control the cholinergic system. Beta-carotene nanoparticles, at concen-
trations much lower than the pure pristine beta-carotene, presented in vitro mimetic activity to super-
oxide dismutase and altered glutathione-S-transferase activity in DM tissue. The content of hydrogen per-
oxide was neither affected by the nanoparticles (in aqueous solution) nor by pristine beta-carotene (in
DMSO). In the cytotoxic assays, beta-carotene nanoparticles dispersed in water showed activity against
four different tumor cell lines. Overall, beta-carotene nanoparticles presented significant bioactivity in
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1. Introduction

Beta-carotene is a carotenoid found in yellow-orange fruits and
vegetables known for its antioxidant activity and as a precursor
of vitamin A.»? In the human body, beta-carotene inhibits
cells’ proliferation, modulates their differentiation, and acts in
intracellular communications. The antioxidant activity of beta-
carotene may be explained by the neutralization of the oxyge-
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aqueous medium surpassing their high hydrophobicity constraint.

nated reactive species including free radicals, inhibiting their
propagation and participation in peroxidative processes. Beta-
carotene has antioxidant activity at low partial oxygen pressure,
prevalent in peripheral tissues.*” The relationship among
carotenoids, oxidative stress, and inflammatory processes has
been shown in different in vitro studies, especially those invol-
ving cellular models.® Importantly, the consumption of bio-
active compounds (exogenous source) is essential to maintain
the redox state balance in the body.”

Beta-carotene is easily oxidized when exposed to air, light,
and high temperatures. Also, its structure, composed of conju-
gated double bonds with a center of symmetry, results in a
highly  hydrophobic  character.® Thus, technological
approaches able to improve the bioavailability of beta-carotene
and other carotenoids in hydrophilic media are required.’
Although several encapsulation methods are reported for beta-
carotene,'®™"? the solid dispersion technique has been used to
increase solubility, oral absorption and dissolution rate of
poor water-soluble drugs.® It was demonstrated that when
polyvinylpyrrolidone (PVP) is used, beta-carotene nanoparticles
(also called nanocrystals) are formed and PVP acts as a protec-
tive colloid that can be removed depending on the required
application.™ In fact, the production of a stable beta-carotene
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nanodispersion is still a work in progress. Physically stable
nanodispersions of beta-carotene have been achieved," but
chemical degradation may be an issue.'® Since beta-carotene
presents remarkable bioactive properties and is also readily
available in nature it is important to determine how the trans-
formation in nanoparticles could influence beta-carotene
bioactivity. Also, it is worth noting that nanoparticles usually
present improved water affinity’” which may be of interest to
obtain pharmaceutical formulations and also to produce
water-based food colorants.

Superoxide dismutase (SOD), catalase (CAT) and gluta-
thione-S-transferase (GST) are enzymes that play an important
role in intracellular detoxification, protecting the organism
against oxidative damage of cellular components, such as
lipids, proteins and nucleic acids. SOD is part of the anti-
oxidant biological defense mechanism and converts super-
oxide radicals into hydrogen peroxide. A deficiency in SOD
activity has been related to human diseases such as amyo-
trophic lateral sclerosis, cancer, cataract and Parkinson’s
disease."® CAT is present in all the living aerobic organisms
and one of its function is to decompose hydrogen peroxide
(H,0,) into water and molecular oxygen, eliminating deleter-
ious H,0,." GST is an enzyme that plays an important role in
the detoxification of xenobiotics and in the protection against
oxidative stress. Classical in vivo studies demonstrate that the
ingestion of beta-carotene is linked to increased levels of GST-
related proteins.>’

Acetylcholine (ACh) is a neurotransmitter present in the
nervous system, widely distributed throughout the brain, and
at lower amounts in the cerebellum. The enzyme acetylcholin-
esterase (AChE) hydrolyzes acetylcholine into choline and
acetate.”® The capacity of bioactive compounds to modulate
acetylcholinesterase is important because this enzyme is
related to various diseases like Alzheimer’s disease and to cog-
nitive functions, such as memory.*?

An alternative biological model to test the beta-carotene
effects is Drosophila melanogaster (DM), which is widely used
in biological tests due to its great similarity to the human
genetic sequence, allowing the understanding of complex bio-
logical problems."**?

Toxicity of beta-carotene has been investigated due to the
use of beta-carotene as a dietary supplement. As stated by
Sacha and co-workers,>* beta-carotene is able to inhibit the
cell growth of tumor cells like lung, melanoma, colon and
breast cancer. Beta-carotene demonstrated anti-apoptotic pro-
tection in the studies on bile acid-induced hepatotoxicity.>®
The possible cytotoxic effects of beta-carotene degradation
derivatives have also been investigated due to the instability of
beta-carotene.>*?”

The toxicity of encapsulated bioactive substances has been
the subject of recent studies. Microencapsulated beta-carotene
showed protective effects on the liver in in vivo experiments.'?
Beta-carotene was encapsulated in various protein systems like
sodium caseinate, whey protein isolate and soy protein isolate
and the resulting nanoparticles presented low toxicity, which
was attributed to the used encapsulants."’ Gu et al'® also
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demonstrated that beta-carotene-loaded emulsions only exhibi-
ted a slight cytotoxicity when used at high concentrations, evi-
dencing that toxicity must be assessed after the encapsulation
process.

The aim of the present study was to evaluate the capacity of
beta-carotene nanoparticles to: (i) modulate GST and AChE
activities using a DM homogenate; (ii) mimic SOD and CAT
activities under in vitro conditions; and (iii) evaluate the cyto-
toxic properties on selected human tumor cell lines and non-
tumor cells.

2. Materials and methods
2.1 Materials

Beta-carotene (97% purity, Sigma-Aldrich), polyvinylpyrroli-
done (40000.00 g mol™", Sigma-Aldrich, Brazil), Tween 80
(Dinamica, Brazil) and ethanol (99.8%, Neon, Brazil) were
used to produce beta-carotene nanoparticles. Potassium
bromide (KBr) (Sigma-Aldrich, spectroscopic standard) was
used in Fourier transform infrared spectroscopy. 1-Chloro-2,4-
dinitrobenzene (CDNB), 5,5-dithiobis (2-nitrobenzoic acid)
(DTNB), reduced glutathione (GSH) and acetylthiocholine
(Sigma-Aldrich) were used to determine glutathione-S-transfer-
ase (GST) and acetylcholinesterase (AChE) activities in in vitro
assays. Adrenaline, catalase (CAT) from bovine liver (E.C.:
1.11.1.6; Lot: 81H7146) and superoxide dismutase (SOD) from
bovine erythrocytes (E.C.:1.15.1.1 Lot: 98F-9310) were acquired
from Sigma (Sigma Chemical Co., St Louis, USA). Dimethyl
sulfoxide (DMSO) was acquired from Fisher Scientific (Lisbon,
Portugal). Acetic acid, sulforhodamine B (SRB), trypan blue,
trichloroacetic acid (TCA) and tris-(hydroxymethyl)amino-
methane (TRIS) were purchased from Sigma (St Louis, MO,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM) and
RPMI-1640 medium, fetal bovine serum (FBS), Hank’s
balanced salt solution (HBSS), i-glutamine, nonessential
amino acid solution (2 mM), penicillin/streptomycin solution
(100 U mL™" and 100 mg mL™", respectively), trypsin, and
EDTA (ethylenediaminetetraacetic acid) were acquired from
Hyclone (Logan, UT, USA). Water was treated in a Milli-Q water
purification system (TGI Pure Water Systems, Greenville, SC,
USA) before use.

2.2 Preparation of beta-carotene nanoparticles

Nanoparticles were produced by the solid dispersion method,
according to Silva and co-workers*® with minor modifications.
Briefly, a surfactant (Tween 80, 75 mg) was diluted in ethanol
(37.5 mL). After this, PVP (900 mg) and beta-carotene (90 mg)
were added under magnetic stirring for 1 minute. The
obtained solution was sonicated (Fisher Scientific, 120 W and
1/8' tip) for 3 minutes, under pulse conditions of 30 seconds
on and 10 seconds off. Finally, the solvent was evaporated at
60 °C for 24 h. This formulation presented a beta-
carotene : PVP ratio of 1:10 (w:w).
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2.3 Nanoparticle characterization

Transmission electron microscopy (TEM; JEOL model JEM
2100, 200 kV) was carried out with diluted samples dripped
onto 300 mesh parlodium covered grids and dried at room
temperature. Particle size distribution was determined by laser
diffraction (Malvern Mastersizer 3000) using water as the dis-
persant. The parameters Dy, Dso and Dy, were calculated from
the cumulative size distribution in volume and correspond to
the size comprising 10%, 50% and 90% microparticle’s
volume, respectively. The images of beta-carotene and nano-
particles dispersed in water at the same concentration
(1 mg mL™") were obtained. Differential Scanning Calorimetry
(DSC, PerkinElmer, DSC 4000) was used to evaluate the
thermal properties of the nanoparticles. For this, the samples
were poured into sealed aluminum pans under a nitrogen flow
(50 mL min~") and heated from 0 to 300 °C at a heating rate of
20 °C min~'. Fourier transform infrared (FTIR, Shimadzu,
IRAffinity-1S) spectra were acquired in transmittance mode
(i.e. using potassium bromide pellets), with a resolution of
2 em™" from 4500 to 500 cm™" by co-adding 32 scans. X-ray
diffraction (DRX) analysis (XRD, Bruker, D8 Advance) was
carried out from 3° to 60° (26) at 5.9° min™", using Ku Ca radi-
ation generated at 40 kV and 35 mA.

For DSC and FTIR, PVP was removed from the beta-carotene
nanoparticle dispersion. The dried nanoparticles were dis-
persed in water and vortexed for 1 minute; then they were cen-
trifuged at 14 000 rpm for 30 minutes. The supernatant was
discharged, and the procedure repeated 4-fold. The absence of
PVP was attested by FTIR. DRX analysis was carried out with
unwashed particles due to the high amount of sample
demanded by the technique.

2.4 Enzymatic assays

In vitro enzymatic assays were performed with a beta-carotene
nanoparticle concentration ranging from 1 to 400 pM. The
mimetic effects of pristine beta-carotene dispersed in water
were also evaluated on the enzymes’ activity. Drosophila mela-
nogaster (DM) wild-type flies were obtained from the National
Species Stock Center (Bowling Green, OH, USA). The flies were
maintained in cornmeal medium at constant temperature and
humidity (22-24 °C; 45-65% relative humidity) under 12 h
dark/light cycle conditions. A total of five hundred adult flies,
both gender, were numbed in a domestic freezer and manually
homogenized in 5000 pL of Tris-HCI solution (50 mM, pH 7.0).
After this, the samples were centrifuged at 12 000 rpm for
10 minutes. The protein content was measured according to
Bradford (1976).>° 50 pL of the homogenized flies were added
to 2.5 mL of Coomassie blue. After 10 minutes, the concen-
tration of proteins was determined by ultraviolet-visible spec-
troscopy (UV-Vis, Ocean Optics, Red Tide USB650) at 595 nm
using bovine serum albumin as standard (calibration curves
previously obtained from 0.01 to 0.05 mg mL™"). The results
are expressed as mg mL ™.

The glutathione-S-transferase (GST) activity was assessed
according to the method described by Habig and co-workers™°
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using 1-chloro-2,4-dinitrobenzene (CDNB). A solution contain-
ing 520 pL of distilled water, 400 pL of potassium phosphate
buffer (100 mM, pH 7.5), 50 uL of DM homogenate and 10 pL
of an aqueous dispersion of nanoparticles was incubated for
2 minutes at room temperature. Afterwards, 10 pL of reduced
glutathione (100 mM) and 10 pL of CDNB (100 mM) were
added to the solution and the absorbance was measured by
UV-Vis at 340 nm, every 30 seconds, for a total time of
4 minutes. GST activity was calculated using a molar extinction
coefficient of 9.6 M~' cm™" and normalized in the graphics to
percentage of the control.

AChE activity was evaluated according to a previous study®'
with minor modifications. A solution containing 600 pL of dis-
tilled water, 100 pL of Tris-HCI (50 mM, pH 7.4), 100 pL of 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) (5 mM), 75 puL of DM
homogenate, and 25 pL of an aqueous dispersion of beta-caro-
tene nanoparticles (1-400 pM) was incubated for 2 min at
22 °C. 75 pL of acetylthiocholine (8 mM) were added to the
solution and the absorbance was measured by UV-Vis at
420 nm, every 30 seconds, for a total time of 3 minutes with an
absorption coefficient of 0.0136 M~ em™" for the TNB anion.
Enzymatic activity was calculated as pmol of hydrolyzed sub-
strate per min per mg of protein and normalized to percentage
of the control.

The scavenging activity of the pristine beta-carotene and of
the beta-carotene nanoparticles against the superoxide anion
was assessed as described in the literature.’” The SOD-like
activity was quantified by the inhibition of superoxide-depen-
dent adrenaline auto-oxidation to adrenochrome, a yellow
chromophore. Beta-carotene (1-100 uM; solubilized in 3.33%
DMSO), beta-carotene (1-100 uM; solubilized in H,0), beta-
carotene-PVP nanoparticles (1-100 puM; solubilized in H,O0),
PVP (12 pM; solubilized in H,0) and used vehicles (3.33%
DMSO and distilled H,0) were incubated with sodium carbon-
ate buffer (50 mM, pH 10.2) at 30 °C. The reaction was
initiated by the addition of adrenaline (60 mM, pH 2.0), with
the reactive mixture kept on ice and protected from light, over
the reaction time. The scavenging activity was determined
spectrophotometrically at 480 nm in kinetic mode for
2 minutes. The area under the curve (AUC) of adrenochrome
produced a linear region that was used for the statistical ana-
lysis and compared against the control values (auto-oxidation).
The final results were expressed as AUC of adrenaline auto-oxi-
dation percentage (%). The units of SOD (5-10 U) (E.C.:
1. 15. 1. 1) were used to determine the assay specificity.

In order to assess the in vitro beta-carotene reactivity
against H,0,, the methodology described by Oliveira and co-
workers®> and Ruch and co-workers®® was used. Beta-carotene
(1-100 pM; solubilized in 0.5% DMSO), beta-carotene
(1-100 pM; solubilized in PBS), beta-carotene-PVP nano-
particles (1-100 uM; solubilized in PBS), PVP (12 pM; solubil-
ized in PBS) and used vehicles (0.5% DMSO and PBS 0.1 M,
pH 7.4) were incubated with 13 mM H,0, for 2 min. After the
incubation period, H,O, absorbance was determined spectro-
photometrically at 230 nm against a blank (solutions without
H,0,). The remaining concentration of H,O, was calculated

This journal is © The Royal Society of Chemistry 2018
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using a molar extinction coefficient of 81 M~' cm™". Five units
of CAT (E.C.: 1. 11. 1. 6) were used to determine the assay
specificity.

2.5 Cytotoxic assays

Pristine beta-carotene was dissolved in a DMSO/water mixture
(1:1, v/v) at a concentration of 8 mg L™*, since it is insoluble
in water. Beta-carotene nanoparticles were dispersed in water
also at a concentration of 8 mg mL™". Successive dilutions
were thereafter prepared from these stock solutions. MCF-7
(breast adenocarcinoma), NCI-H460 (non-small cell lung carci-
noma), HeLa (cervical carcinoma) and HepG2 (hepatocellular
carcinoma) from DSMZ (Leibniz-Institut DSMZ—Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH)
were selected as human tumor cell lines. To assess the cyto-
toxicity of the samples, the sulforhodamine (SRB) assay was
performed according to a procedure previously described by
Abreu et al.** For toxicity evaluation toward porcine liver cells,
a primary cell culture was prepared according to a procedure
previously established by Abreu et al.** These cells (PLP2) were
treated for 48 h with the different sample solutions and the
SRB assay was followed.*® The results were expressed as Gls
values (concentrations that inhibited 50% of the net cell
growth). Ellipticine was used as a standard. For these experi-
ments, beta-carotene nanoparticles were washed with distilled
water in order to remove PVP as described in section 2.3.

2.6 Statistical analysis

Statistical analysis of the results was performed using the soft-
ware GraphPad Prism version 6.0 (Graph Pad, USA). The data
obtained in the enzymatic assays are expressed as mean + SEM
(standard error of the mean) in percentage of the control.
The scavenging activity results were expressed as means +
SEM, except for the ICs, values (i.e., the concentration that
reduces adrenaline auto-oxidation or H,O, levels to the order
of 50% relative to the control value), which were expressed as
geometric means accompanied by their respective 95% confi-
dence limits. The results of cytotoxic properties are expressed
as mean + SD (standard deviation of the mean). One-way

(a) (b)

25

20

Frequency percentage
(%, in number)
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ANOVA followed by Tukey’s post hoc test was carried out for
enzymatic studies; differences were considered significant at
values of P < 0.05. The cytotoxic results were compared by
Student’s t-test with 5% significance.

3. Results and discussion
3.1 Nanoparticle characterization

Fig. 1 shows the TEM images of the produced beta-carotene
nanoparticles, the corresponding particle size distributions
and the visual aspect of the beta-carotene nanoparticle and
pristine beta-carotene dispersions in water. Fig. 2 shows the
obtained DSC thermograms, infrared spectra and DRX pat-
terns of beta-carotene, PVP and beta-carotene nanoparticles.
Physical mixtures (PM) were also produced by manually
mixing PVP and beta-carotene (weight proportions PVP: beta-
carotene of 2:1, 5:1, 10:1 and 15:1) and analyzed, in order
to compare with the nanoparticles. Table 1 presents the deter-
mined enthalpy values obtained from the endothermic peaks
of beta-carotene nanoparticles, beta-carotene, PVP and the pro-
duced physical mixtures.

The nanoparticles were readily dispersible in water forming
a stable colloidal system. As expected, beta-carotene could not
be efficiently dispersed in water due to its high hydrophobicity
putting in evidence the advantages of the applied nanoniza-
tion process. The values found for particle sizes D;,, D5, and
Dqy were 0.337 + 0.050, 0.439 + 0.045 and 0.602 + 0.074 pm,
respectively. In the work of Silva and co-workers*® an average
size of 200 nm was found for the lutein-loaded PVP nano-
particles produced by the solid dispersion method. The nano-
metric size was also corroborated by TEM images, with par-
ticles presenting no spherical shape, as it is typical of crystal-
line materials.

The infrared absorption pattern was similar to the one
found in the literature for beta-carotene.**® It is possible to
identify the characteristic absorption bands at 2913 ecm™" and
2950 cm™', corresponding to the symmetric and asymmetric
stretching of CH,, respectively. The peaks at 959-953 cm ™'

(©

500 nm 0.01 01

Particle size (um)

1 10 :
B

Fig. 1 Results of the nanoparticle characterization: (a) transmission electron microscopy images; (b) particle size distribution; and (c) images of the
aqueous dispersions containing beta-carotene and the produced nanoparticles.
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Fig. 2 Results of the nanoparticle characterization: (a) and (b) DSC thermograms; (c) and (d) FTIR spectra; and (e) XRD patterns.

represent the conjugated alkene. Finally, the band at
1363 cm™' corresponds to the pB-ionone rings of beta-
carotene.>® For the physical mixture, the intensity of the
beta-carotene characteristic peaks increased with increasing
beta-carotene concentration. No differences were found
between the nanoparticles and the pristine beta-carotene
meaning that the transformation into nanoparticles did not

3702 | Food Funct, 2018, 9, 3698-3706

change the chemical structure of beta-carotene and that no
interaction between it and PVP is expected to occur.

The DSC thermograms showed endothermic peaks at
184.6 °C for pristine beta-carotene and at 188.6 °C for the
nanoparticles, which is related to the crystalline melting tran-
sition. This peak was also observed in the analysis of the physi-
cal mixtures, becoming more intense as the beta-carotene

This journal is © The Royal Society of Chemistry 2018
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Table 1 Melting temperature and enthalpy of the beta-carotene-PVP
nanoparticles

Compound AH(J g™ T (°C)
Beta-carotene 103.9 184.6
PVP 174.6 88.6
Nanoparticles 158.9 188.6
Physical mixture 2:1 (m: m) 167.1 185.1
Physical mixture 5:1 (m: m) 231.6 186.6
Physical mixture 10: 1 (m: m) 178.1 187.7
Physical mixture 15:1 (m: m) 212.4 188.1

content increases, suggesting that a simple mixture of the
components was attained with no further interactions between
both components (beta-carotene and PVP).>**” PVP does not
show any melting peak, a fact compatible with its amorphous
nature.*® The broad endothermic peak shown at around 88 °C
is often related to residual moisture evaporation.”® The com-
parison between the DSC thermograms of physical mixtures
and nanoparticles suggests that the crystalline structure of
beta-carotene did not change after its nanonization, which is
also in accordance with the conclusions drawn from the FTIR
and TEM results.

The XRD pattern of pristine beta-carotene showed strong
peaks between 13 and 25°, indicating the crystalline structure
of beta-carotene. Most of these peaks were attenuated in the
nanoparticle’s XRD sample, and in the physically produced
mixture, observation associated with the low beta-carotene
concentration.”” Despite this fact, the patterns of both
samples did not differ significantly suggesting that both
samples have a similar crystalline state.

In conclusion, the preformed characterization analyses
strongly suggest that the transformation of beta-carotene into
nanoparticles was successful and that beta-carotene remained
crystalline after nanonization. Also, no strong interaction
between PVP and beta-carotene was found which may be
explained by the chemical structure of beta-carotene itself. The
nanoparticles were colloidally stable when dispersed in water
which makes their application viable in aqueous systems
without the use of organic solvents, thus emulating actual
biosystems.

3.2 Enzymatic studies

Fig. 3 shows the results of acetylcholinesterase enzyme (AChE)
activity in Drosophila Melanogaster tissue in the presence of
pristine beta-carotene and beta-carotene nanoparticles dis-
persed in water.

It is known that the modulation of cholinesterase enzymes,
like AChE, is involved in neurodegenerative diseases, motor
function, and locomotion. AChE is an essential enzyme of the
nervous system where the cholinergic transmission of
impulses occurs. Thus, inhibition of AChE results in the
accumulation of acetylcholine causing overstimulation of the
acetylcholine receptors, compromising the normal motor
activity of the flies.*® Beta-carotene nanoparticles (300 and
400 pM) decreased the acetylcholinesterase enzyme activity

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effects of beta-carotene nanoparticles (concentration of
1-400 pM) and beta-carotene (300 pM) on acetylcholinesterase (AChE)
enzyme activity in Drosophila melanogaster tissue. PVP = 4.02 pM.
Values are mean + SEM (n = 4 per group). Significance determined by
one-way analyses of variance (ANOVA) followed by Tukey's test. *p <
0.05; **p < 0.01 both in comparison with the control.

(p < 0.05 and p < 0.0001, respectively). Pristine beta-carotene
was also tested at 300 pM, the lowest concentration at which
beta-carotene nanoparticles presented biological activity. In
this case, no activity was detected; it should be emphasized
that pristine beta-carotene at 300 pM is not soluble in water.
The literature reporting the influence of beta-carotene on the
acetylcholinesterase activity is scarce. Nevertheless, the work of
Lebda et al.*" reported a decrease of AChE levels in rats daily
treated with a lycopene dosage of 10 mg kg™" for 20 days, after
exposure to high doses of manganese (6 mg kg™") for 4 weeks.

Fig. 4 presents the results of glutathione-S-transferase (GST)
activity in the presence of pristine beta-carotene and beta-caro-
tene nanoparticles dispersed in water.

Beta-carotene nanoparticles caused a significant increase of
glutathione-S-transferase activity (p < 0.05) at final concen-
trations of 1, 10 and 30 uM while at concentrations of 200 to
400 pM a decrease in activity was observed. Pristine beta-caro-
tene was evaluated at concentrations of 30 and 300 pM, and no
change in GST activity (increase or decrease) was detected, also
justified due to the beta-carotene insolubility in water. The pre-
sented results are in accordance with the data reported in the
literature. Dhingra and Bansal*® observed an increase in gluta-

* * * sk Kkkk
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Enzymatic activity (%)
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Fig. 4 Effects of beta-carotene nanoparticles (1-400 pM) and beta-
carotene (30-300 pM) on glutathione-S-transferase (GST) activity in
Drosophila melanogaster tissue. PVP = 4.02 pM. Values are mean + SEM
(n = 6-8 per group). Significance determined by one-way analyses of
variance (ANOVA) followed by Tukey's test. *p < 0.05; ****p < 0.0001
both in comparison with the control.
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thione levels in mice treated with doses of 50 to 100 mg kg™
of beta-carotene. Novo et al.** also observed an increase in the
rate relation of reduced glutathione (GSH)/oxidized gluta-
thione (GSSG) in the heart and liver of rats, with a daily dosage
of 500 mg kg™" of beta-carotene. Also, McGill and co-workers**
evaluated the effects of a daily dosage of 30 mg of beta-caro-
tene for 60 days in humans, and observed a significant
decrease of glutathione peroxidase activity. According to the
authors, this decrease could be justified by the antioxidant
activity in the organism, becoming able to modify the in vivo
antioxidant capacity of cells present in plasma and blood. In
vitro and in vivo studies by Li et al.*> demonstrated strong evi-
dence that GST inhibitor modified prodrugs combined with
nanoparticles significantly enhanced antitumor effects against
cisplatin-resistant cancer.

Fig. 5 presents the scavenging effects on superoxide anions
and Fig. 6 presents the scavenging effects of the pristine beta-
carotene and beta-carotene nanoparticles dispersed in water
on hydrogen peroxide.

A significant superoxide anion scavenging activity was
observed with beta-carotene nanoparticles (p < 0.001) at con-
centrations of 1, 10 and 100 pM. The beta-carotene nano-

150

100

5: Hlﬂﬂﬂm.

DMSO 1 1 100 H20 100 PVP

AUC of adrenaline
auto-oxidation % (arbitrary units)

betacarotene [uM] betacarotene [1M] betacarotene NP [p.M] SOD [UI]

Fig. 5 Superoxide anion scavenging activity of beta-carotene nano-
particles (1-100 pM) and beta-carotene (1-100 pM). PVP = 12 pM.
Values are mean + SEM (n = 6-8 per group). Significance determined by
one-way analyses of variance (ANOVA) followed by Tukey's test. ***p <
0.001 in comparison with the vehicle water; ###p < 0.001 in compari-
son with the vehicle DMSO. White bars: activity measured in water; gray
bars: activity measured in DMSO; and black bars: control. AUC: area
under the curve; SOD: superoxide dismutase.

Shﬂﬂﬂlﬂﬂﬂﬂﬂl

DMSO 1 100 PBS 100 PVP 100 CAT

N
o

N

H,O, Consumption [mM]
o o

o

betacarotene [utM]  betacarotene [uM]  betacarotene NP [uM]

Fig. 6 Hydrogen peroxide scavenging activity of beta-carotene nano-
particles (1-100 pM) and PVP = 12 yM. Values are mean + SEM (n = 6-8
per group). Significance determined by one-way analyses of variance
(ANOVA) followed by Tukey's test. ***p < 0.001 in comparison with PBS.
White bars: activity measured in water; gray bars: activity measured in
DMSO; and black bars: control. CAT: catalase.
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particle activity was very similar to the action found with SOD
(5 UI), confirming their potent scavenging effect on superoxide
anions, meaning that beta-carotene could have a mimetic SOD
activity in defense against oxidative stress. For pristine beta-
carotene, the activity was significant only at a concentration of
100 pM, which demonstrates that nanonization of beta-caro-
tene was efficient in improving its activity in aqueous solution.
Blakely et al.*® also observed a significant reduction of SOD
activity in rats treated with high levels (10-fold higher than the
recommended levels) of beta-carotene for 6 weeks. McGill
et al.** evaluated the effects of a daily dosage of 30 mg of beta-
carotene for 60 days in humans and observed a significant
decrease of superoxide dismutase. According to the authors,
the decrease could be due to the antioxidant activity exerted by
the compound in the organism, able to modify the in vivo anti-
oxidant capacity of cells present in plasma and blood.

Pristine beta-carotene has no CAT-like activity and the
nanonization of beta-carotene was not able to modify its inac-
tivity in scavenging H,0,. In fact, there were no significant
differences in the scavenging H,O, activity of pristine and
beta-carotene nanoparticles. The results are in accordance
with McGill and co-workers,** who described that a daily sup-
plementation of 30 mg of beta-carotene for 60 days in humans
did not affect the catalase activity. Blakely et al.*® also did not
observe any significant difference in catalase activity in rats
treated with high levels (10-fold higher than the recommended
levels) of beta-carotene for 6 weeks. Except for the case of CAT-
like activity (because beta-carotene has no inherent action on
this system), beta-carotene nanoparticles presented improved
activity when compared to the pristine beta-carotene form. In
fact, due to its high hydrophobicity, beta-carotene is usually
evaluated in solvents such as DMSO. However, it is important
to compare its activity in aqueous systems to better evaluate
the influence of the nanonization procedure. The higher
surface area of the nanoparticles when compared with micro-
metric formulations leads to improved colloidal stability in
water when compared to pristine beta-carotene.®”

3.3 Cytotoxic properties

Table 2 presents the results regarding the cytotoxic properties
of beta-carotene nanoparticles dispersed in water and pristine
beta-carotene.

The assays using pristine beta-carotene were performed in
DMSO while water was used in the case of the nanoparticles.
This is important because beta-carotene is highly water in-
soluble. It was not possible to carry out the experiments using
pristine beta-carotene in water due to its precipitation in water
medium and the consequent lack of activity. Both samples
(pristine beta-carotene and beta-carotene nanoparticles) pre-
sented cytotoxic effects against all the selected tumor cell lines
in a relatively low concentration when compared to other
hydrophobic bioactive compounds.*” Statistical differences
between the nanoparticles and pristine beta-carotene were
only observed in MCF7 and HepG2 cell lines. Toxicity to
normal cells (PLP2) was also observed but without statistical
differences among both samples. Moreover, values found in

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8fo00804c

Published on 14 June 2018. Downloaded by Instituto Politecnico de Braganca on 10/25/2018 10:11:08 AM.

Food & Function

View Article Online

Paper

Table 2 Cytotoxic properties of beta-carotene and beta-carotene nanoparticles dispersed in water

Cytotoxic properties (Gls, values, pg mL™")

MCF7 NCI-H460 HepG2 HeLa PLP2
Beta-carotene 42.72a £ 2.31 44.47* +1.26 27.76% + 0.45 24.13 £ 1.40 177.91% + 13.39
Beta-carotene nanoparticles 60.65" + 1.12 48.93% + 0.87 39.98" + 1.61 31.68% +2.73 229.18% + 16.83

2Pyalues in a column with different letters are significantly different (p < 0.05) by Student’s ¢-test.

non-tumor cells were much higher than the concentration
needed to exert 50% of activity against tumor cell lines.

4. Conclusion

Beta-carotene nanoparticles were obtained by a process called
nanonization in which pristine beta-carotene is stabilized with
polyvinylpyrrolidone (PVP). Physicochemical analyses demon-
strated that the particles were colloidally stable in water and
composed of beta-carotene with PVP as a protective colloid.
In vitro assays were carried out to determine if beta-carotene
nanoparticles dispersed in water were able to modulate acetyl-
cholinesterase (AChE) and glutathione-S-transferase (GST), and
if they present enzymatic activity mimetic to superoxide dis-
mutase (SOD) and catalase (CAT). Beta-carotene nanoparticles,
but not pristine beta-carotene, at the same concentration
(300 uM), decreased D. melanogaster AChE activity, while beta-
carotene nanoparticles enhanced GST activity at low concen-
trations and reduced it at high concentrations. Neither beta-
carotene nanoparticles nor pristine beta-carotene were able to
act like CAT, as in accordance with the literature data. On the
other hand, beta-carotene nanoparticles displayed enhanced
scavenging superoxide anion capacity, such as SOD, since this
activity was detected at a lower concentration for nano-
particles. The results are relevant because beta-carotene nano-
particles could offer protection against cellular damage in the
body, and therefore potentiate its endogenous antioxidant
defense systems (GST, SOD and CAT are involved in the
endogenous antioxidant system of the body). Nanoparticles
dispersed in water also presented cytotoxic properties against
tumor cell lines, which is a quite interesting result since beta-
carotene in its native form is highly hydrophobic. The results
gathered demonstrate that the performance of beta-carotene
in aqueous medium was highly improved when its nanoparti-
culate form was used allowing its biological activity to be exerted.
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