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ABSTRACT

Purpose Anthocyanins (ACNs) are polyphenols that might
reduce pathological processes associated with type 2 diabetes
mellitus and other chronic diseases, but their bioavailability is
still controversial. In this study, the metabolic activity of oral
delivery of ACN-loaded niosomes was investigated and eval-
uated in a diet-induced obesity (DIO) mice model.

Methods ACNs extracted from Vaccinium Meridiondle by the
supercritical fluid extraction method were loaded in niosomes.
The niosomal formulation was physically characterized and
further administrated in drinking water to obese, insulin resis-
tant mouse. We evaluated the effect of ACN loaded niosomes
on hyperglycemia, glucose and insulin intolerance and insulin
blood levels in C57BL/6 J mice fed with a high-fat diet.
Results The ACN-loaded particles were moderately mono-
disperse, showed a negative surface charge and 57% encap-
sulation efficiency. The ACN-loaded niosomes ameliorated
the insulin resistance and glucose intolerance in the DIO mice
model. Additionally, they reduced animal weight and plasma
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insulin, glucose, leptin and total cholesterol levels in obese
mice.

Conclusion ACN-loaded niosomes administration, as a func-
tional drink, had a beneficial effect on the reversal of metabol-
ic abnormalities associated with obesity.
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ABBREVIATIONS

T2DM Type 2 diabetes mellitus

ACNs Anthocyanins

SCF Supercritical fluid

DLS Dynamic Light Scattering

ELS Electrophoretic Light Scattering
TEM Transmission Electron Microscopy
Cy-3-Gly  Cyanidin-3-O-glycoside

HFD High-fat diet

Metf Metformin

Nios Niosomes

ACN/Nios  Anthocyanins loaded in niosomes
TC Total cholesterol

TAG Triacylglycerides

HDL High-density lipoprotein

LDL Low-density lipoprotein cholesterol
IPGTT Intraperitoneal glucose tolerance test
TT Insulin tolerance test
INTRODUCTION

Obesity 1s a chronic disease that contributes to the develop-
ment of fatal diseases, including type 2 diabetes mellitus
(T2DM), cardiovascular disease (CVD) and cancer (1).
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According to the World Health Organization (WHO), ap-
proximately 30% of the world’s population suffers from
obesity-related disorders (2). Within diet-induced obesity, adi-
pocytes become hypertrophied due to an increase in stored
triacylglycerol. As hypertrophy increases and is maintained
over time, the endocrine function of adipocytes is altered,
establishing a microenvironment that induces oxidative stress,
inflammation and release of non-esterified free fatty acids. All
these alterations are involved in the generation of insulin re-
sistance (3) and several studies have shown that it precedes the
development of hyperglycemia in individuals who eventually
develop T2DM (4).

The discovery of new targets that regulate immunometa-
bolic alterations within obesity could lead to the identification
of new therapeutic strategies that prevent insulin resistance
and its associated complications (5). Under this approach, nat-
ural products can be a valuable source in the development of
new treatments, with the advantage that information is avail-
able concerning their safety and therapeutic effects i vivo (6).

Functional foods contain a myriad of bioactive components
that are consumed in the daily diet, and in addition to provid-
ing nutrients, they may provide potential therapeutic effects
(7). Bioactive compounds exert pharmacological effects that
modulate therapeutic bodily functions that are beneficial for
health. For example, many types of bioactive molecules found
in foods have been shown to exert antidiabetic, cardiovascular
and neuroprotective effects and are related to the prevention
of some types of cancer. Among such bioactive compounds,
flavonoids, tannins, and anthocyanins (ACNs) are regarded as
the main dietary phenolic compounds (8). The fruits of the
genus Vaccinium Meridionale Sw (Agraz) possess high ACNs con-
tent, which is associated with high antioxidant activity and
anti-inflammatory effects, and their consumption might signif-
icantly reduce the onset and progress of pathological processes
such as T2DM, CVD, chronic neurological deterioration and
gradual increase in weight (9—12). The potential health bene-
fits of anthocyanins are often not realized due to their poor
water solubility, chemical instability, adverse taste profile, and
low oral bioavailability (13).

Nanotechnology is an emerging field recognized to have
the potential to make impacts upon the prevention, detection
and treatment of different diseases, where the physical, chem-
ical, and biological properties of nanoscale materials are sig-
nificantly different from those of bulk materials and single
atoms or molecules. The application of nanotechnology with-
in the design of drug delivery systems primarily allows for a
more effective release of therapeutics to overcome some com-
mon pharmaceutical issues (14). Advantages include the
achievement of enhanced therapeutic effects with lower drug
doses, and the possibility to site-specific deliver hydrophobic—
hydrophilic molecules while ensuring the protection of the
compounds from degradation (15). Nanoemulsions, stable lip-
id nanoparticles, polymeric nanoparticles, nanosuspensions,
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nanogels, liposomes, and niosomes are some of the most
often nanosystems utilized in the pharmaceutical industry
because they have optimal characteristics for drug delivery
(16) Niosomes are one of the vesicular systems that have re-
ceived the most attention, due to their increased chemical
stability, economic advantage, and practicality as well as
straightforward methods of preparation without the require-
ment of pharmaceutically unaccepted solvents (17,18).

The present study aims to evaluate the metabolic activity of
ACNSs encapsulated in niosomes in a diet-induced murine
obesity model, with the intent to increase the oral bioavailabil-
ity of these unstable compounds to the physical, chemical and
biological conditions of the digestive tract. The ultimate goal
would be to develop a functional drink prototype for treat-
ment or prevention of obesity and its associated metabolic
complications.

MATERIAL AND METHODS

Anthocyanins Extraction from Vaccinium Meridionale
Sw

Fruits of Vaccinium Mendionale Sw (Agraz) were collected in the
area of San Vicente in Antioquia, Colombia (6°17'00.6”N
75°19'54.4”W). Fruits were washed and dried using a fluid-
ized bed (Actum SLF-50 K) at 60°C with an airflow of
3000 rpm for six hours. ACNs were extracted using a Spe-
ed ™ SFE-2 supercritical fluid (SCF) system (Applied
Separations, Inc. Allentown, PA, USA) with the following
conditions: 2900 psi, 45°C, 2 h continued extraction using
COy as a solvent.

ACN analysis was performed by chromatographic separa-
tion on a reverse-phase using a Zorbax SB-C18 column (50 X
4.6 mm 5 um) and an HPLC-DAD Agilent 1100 (Agilent
Technologies, Santa Clara, CA, USA). Tentative identifica-
tion of the ACN peaks was made by comparing retention
times with delphinidin chloride and cyanidin used as primary
standards (Sigma-Aldrich, MO, USA) and by HPLC-MS/
API-ES analysis (Agilent Technologies, Santa Clara, CA,
USA) (Supplementary information).

Determination of Antioxidant Activity of Extract

The antioxidant capacity of the ACNs extracted by the
conventional method with ethanol (19) and by SCF was
evaluated in vitro. Total phenolic analyses (Folin
Ciocalteau analysis) (20), FRAPS (Ferric reducing/
antioxidant power) (21), TEAC (Trolox Equivalent
Antioxidant Capacity) (22) and ORAC (Oxygen Radical
Absorbance Capacity) (23) were performed.
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Niosomes Preparation

Nanoparticles (NPs) were assembled from a commercial pro-
nanosome precursor (Nio-N de NANOVEX Biotechnologies
S.L, Asturias, Espafia) Lot 190,308, following a protocol mod-
ified from the manufacturer’s recommendations. In brief, a
100 mg pro-nanosome vial was added to 1 mL of the ACN
aqueous extract and 2 mL of absolute ethanol. The mixture
was incubated for one hour at 45°C until complete dissolu-
tion. Five mL of deionized water was added and the mixture
incubated for an additional one hour at 45°C. The solution
was then dispersed with an ultrasound probe with a 1/
8 (3 mm) replaceable tip (Branson Sonifier 250, Danbury,
USA). The probe was introduced into the middle of the solu-
tion, with the instrument set at 40% for three min. The result-
ing emulsion was then homogenized at 10,000 rpm (L5M
Silverson Silverson Machines mixer, Chesham, United
Kingdom) for three min. Excess of unbound material was
removed by size exclusion chromatography using Sephadex
G-25 (Sigma-Aldrich, MO, USA) with water as eluent.

Formulations for animals were elaborated as follows:
Aqueous extract of ACNs (containing 514 mg cyanidin-3-O-
glycoside) was added to a 1.600 mg pro-nanosome ethanolic
solution (16 vials) and treated as described above. Purification
process was performed twice by ultracentrifugation at
10.000 rpm for 1 h at 4°C. 256 mg of ACN were recovered
and resuspended in 1,6 L of water (160 pg/mL). This solution
was prepared once a week and administered to animals.
Solutions administered in drinking water were niosomes
alone, ACNs alone and ACN-loaded niosomes at concentra-
tions of 100, 280 and 160 pg/mL, respectively.

Our starting point was to administer the amount of ACN
recommended by OECD guidelines (24) for the evaluation of
chemicals in animal models. By supplying mice with a solution
0f 280 pg/mL ACN alone, we assume that we would be giving
each animal 300 mg of ACN/Kg of body weight. The amount
of ACN (160 pg/mL) in the ACN-loaded niosomes (ACN/
Nios) solution is equivalent to the amount of ACN encapsu-
lated in the niosomes, after removing non-encapsulated ACN.

Several studies report that niosome-encapsulation of ACN
considerably reduces the administered dose required to obtain
desired biological effects (25, 26). We tested the hypothesis
that ACNs loaded in niosomes induce desired effects at lower
doses than ACNs alone and in a shorter time. The solution
with niosomes alone (100 pg/mL), was prepared as described
in material and methods, and adjusted to the same concentra-
tion of niosomes used for encapsulation of ACN.

Nanoparticle Characterization
Particle size and surface charge were estimated by Dynamic

Light Scattering (DLS) and Electrophoretic Light Scattering
(ELS), respectively, using a Malvern particle size analyzer

(Master Sizer X-100, Malvern Instruments). Samples for
DLS were kept in polystyrene cuvettes and measurements
were made at 25.0 £ 0.1°C after dilution of the nanoparticles
in purified water (1: 100). Results were expressed as the mean
particle size and polydispersity index (PDI). Samples for ELS
were diluted adequately with purified water and placed in a
specific cuvette and a potential of +150 mV was applied. All
assays were performed in triplicate.

Morphology of the nanoparticles was examined with
Transmission Electron Microscopy (TEM). Briefly, 5 pl of
each sample was adhered to glow discharged carbon-coated
grids for 60 s. Samples were visualized with a Tecnai F20
super Twin TMP microscope (FEI Company, Hillsboro,
OR, USA), operating at an accelerating voltage of 200 keV
in a bright-field image mode. Digital images were acquired
with a GATAN US 1000XP-P and an EDX Oxford
Instruments XMAX detector. Image analysis used Image J
software. (27)

Encapsulation Efficiency

Nanoparticles were centrifuged at 10,000 rpm for 60 min.
The amount of free extract (non-incorporated into the
niosomes) was measured by differential pH method using a
VarioScan™ LUX multimode microplate reader (Thermo-
Fisher Scientific, Waltham, MA, USA) (28). In brief, samples
were mixed with two buffers, potassium chloride (pH 1.0) and
sodium acetate (pH 4.5), for measuring the absorbance at 520
and 700 nm, respectively. The concentration of free ACNs
(mg/L) was evaluated as cyanidin-3-O-glycoside equivalent
according to the following expression A = [(As90 - A700)
pH 1.0 - (Aso0 - Ayp) pH 4.5]. Total anthocyanin content
was calculated using the equation:

(Cy—3—-Gly) mg/L) = (Ax MW x DF)/( x I cm) (1)

Cyanidin-3-O-glycoside (Cy-3-Gly) was the standard com-
pound; whose molar extinction coefficient (g) is 26,900
(L cm™" mol™"); DF is the dilution factor; A is the absorbance
and MW is the molecular weight (449.2 g/mol). The results
were expressed as equivalent milligrams of cyanidin-3-
glycoside per 100 L of fresh fruit. This quantification method
was standardized according to the International Conference
on Harmonization (ICH), International Theme Q2 (R1)
guideline (CPMP / ICH / 381/95). The encapsulation effi-
ciency (EE) was determined from the following equation (Eq):

Total anthocyanins—Free anthocyanins

X 100
(2)

(EE%) = — .
Total initial anthocyanins
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In-Vitro Release Study

Five mg of nanoparticles were suspended in 1.0 mL of PBS
(pH = 7.4) for in vitro ACN release studies. Samples were in-
cubated at 37°C with intense shaking. At predetermined time
mtervals (0.5, 1, 2, 4, 6, 8, and 24 h); tubes were centrifuged at
10,000 rpm for 60 min. Concentration of released ACNs were
measured using differential pH with the VarioScan (Thermo-
Fisher Scientific, USA). (28)

Animal Model

All animal experiments were performed in compliance with
the guidelines for care and use of research animals established
by the Institutional Animal Care and Use Committee of The
University of Antioquia (Protocol # 65). C57BL/6 mice were
obtained from Charles Rivers Laboratories (Wilmington,
MA, USA). Male mice over 3 weeks old were used in this
study.

Glucose and Insulin Tolerance Test in the Mouse Model
of Insulin Resistance

Mice were housed at 22 + 2°C with a 12:12 h light dark cycle
with free access to food and water. Mice were randomly di-
vided into two groups for this study. A control group (r = 10)
was fed a standard diet (Chow, 14% fat/54% carbohydrates/
32% protein). An HFD group (n = 60) was fed a high-fat diet
(HFD, 42% fat/42% carbohydrates/15% proteins) and after
12 weeks under HFD, was divided into 5 different groups.
HFD+ (Metf.) group received 10 oral doses of metformin
200 pg/mL; HFD + (Nios) group received a niosomal solu-
tion 100 pg/ml; HFD + (ACN) group received an ACNs
solution 280 pg/mlL, and HFD + (ACN/Nios) group received
a solution with 160 pg/ml ACN-loaded niosomes. All treat-
ments were administered over a four-week period. Animals
were divided into cages with four mice each. Different treat-
ments were prepared in 200 mL of drinking water, provided
to mice ad libitum and changed every two days.

Before and after different treatments, an intraperitoneal
glucose tolerance test (IPGTT) and insulin tolerance test
(IT'T) were performed after 6 h fast. Initial blood glucose levels
were determined, followed by administering a glucose load of
2,0 g/kg body weight or by injection of human insulin
0.75 U/kg (Humulin, Eli Lilly, Indianapolis, IN, USA).
Blood glucose levels were measured via tail vein blood at 0,
30, 60 and 120 min after the injection using a GlucoQuick
Glucometer (Procaps, Barranquilla, Colombia). The zero
time was measured just before glucose injection. After glucose
metabolism studies, mice were sacrificed and blood, liver and
adipose tissue were collected to further analysis.
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Serum Biochemical Parameters

The following commercial kits were used to determine serum
biochemical parameters. Total cholesterol (T'C, 11505), tria-
cylglycerides (TAG, 11528), high-density lipoprotein (HDL,
11557), low-density lipoprotein cholesterol (LDL, 11585), al-
kaline phosphatase (21590), alanine aminotransferase (11832),
aspartate aminotransferase (23531) (BioSystems S.A,
Barcelona, Espaia), leptin (ab100718) and adiponectin
(ab108785) (Abcam, Cambridge, UK). Insulin in mouse se-
rum was quantified using an ultrasensitive enzyme immuno-
assay (10-1247-01 Mercodia, Uppsala, Sweden). All determi-
nations were done following the manufacture’s recommenda-
tion, and the absorbance of each sample was measured using a
Varioskan™ LUX multimode micro plate reader (Thermo-
Fisher Scientific, USA).

Statistical Analysis

Results are expressed as means * sem. Comparisons between
groups were analyzed using a one-way analysis of variance
(ANOVA) followed by a Dunnett post hoc test. Student’s t-
tests were used to compute individual pairwise comparisons of
least square means. The trapezoidal rule was used to deter-
mine the area under the curve (AUC). Differences were con-
sidered to be significant at P <0.05. All analyses were per-
formed with Prism 8 (GraphPad Software, Inc., La Jolla, CA,
USA) statistical software.

RESULTS
ACN Characterization

ACN extracts obtained with the SCF system had less of
cyanidin-3-glycoside (Cy-3-Gly) content but higher amounts
of total phenols and antioxidant capacity compared with etha-
nolic extraction (Table I)(Fig. 1a). SCF extracts also contained
other ACNs, such as delphinidin-3-glycoside, malvidin-3-
glycoside and some other unidentified compounds
(Supplementary information).

Characterization, Encapsulation Efficiency and Release
Profile of Nanoparticles

Characterization of ACN encapsulated particles showed a
mean diameter of 219.7 £ 3.1 nm with a PDI of 0.25 + 0.1,
slightly higher than empty particles (200 £ 5.1 nm; 0.073 £
0.1 PDI)(Table II). The intensity-diameter profile indicated
that all particles were moderately monodisperse (Fig. 1b). -
potential showed a negative surface charge for empty and
loaded nanoparticles, suggesting moderate stability due to
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Table | In Vitro Evaluation of

Antioxidant Activity of an Sample Total Phenolics ~ ORAC FRAP TEAC Cyd 3 glu (mg/100 g
Anthocyanin-Rich Extract from (ug GAE/g (UM TEg (ug aa/g (UM TE/g extract)
Vaccinium meridionale extract) extract) extract) extract)
SFE 22,089.38 1629.59 161,225.30 291.07 0.79
Ethanol 10,032.09 44242 62,577.08 157.25 1.90
extraction

SFE, supercritical fluid extraction; Cyd 3 glu, Cyanidin 3-glucoside; GAE, Gallic acid equivalents; ORAC, Oxygen Radical
Absorbance Capacity; FRAP Ferric Reducing Antioxidant Power; TEAC, Trolox-Equivalent Antioxidant Capacity

electrostatic repulsion forces that prevent vesicle aggregation
(Table II).

Encapsulation efficiency was estimated to be 57%.
This apparent low efficiency may be attributed to the
complexity of the extract and quantification methodolo-
gy. Only Cy-3-Gly was assessed in ACN-loaded nio-
somes. TEM showed that niosomes were quasi-spherical
with a diameter size of 200 £ 0.7 nm (2 = 30), consistent
with vesicular nature (Fig. lc). Cyanidin-3-glycoside
determinations show a sustained release profile in the
first hours of the experiment, reaching 81% after 8 h
and attaining a plateau that persisted to hour 24 (Iig.
1d).
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Anthocyanin-Loaded Niosomes Improve Carbohydrate
Metabolism in Obese, Insulin-Resistant Mice

Results obtained from glucose and insulin tolerance tests were
analyzed as a total area under the curve (AUC) between 0 and
120 min for IPGTT and between 0 and 60 min. For ITT.
After four weeks of treatment, HFD-fed mice treated with
metformin (HFD+ (Metf.) and ACN-loaded niosomes (HFD
+ (ACN/Nios) showed improved glucose tolerance and insu-
lin sensitivity as compared to HFD-fed mice group with no
treatment (Fig. 2a-d). Standard diet-fed mice exhibited a 36%
reduction in glucose level 15 min after insulin administration.
However, the glucose level of HFD-fed mice was increased by
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Fig. I Chromatograms are comparing the peaks present in the extraction of ACN from Agraz by supercritical fluids and ethanolic extraction (a) and the ACN-
loaded niosomes (b-d). Particle size (b) and surface charge (inset) of loaded and empty nanoparticles. Transmission Electron Microscopy images of loaded (€) and
empty nanoparticles (inset); and in vitro release profile of agraz from the niosomes under simulated conditions, with buffer pH 7.4 as a release medium. Data are

expressed as mean = standard deviation of the data (n = 3).
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Table Il Characterization of . .

Anthocyanins (ACN) - Encapsulated Formulation Size (nm) PDI PZ (mv) EE (%)

Niosomes
ACN nanoparticle 219.7 = 3.1 025 = 0.1 —264 = 0.8 574x12
Empthy nanoparticle 200 = 5.1 0.073 = 0.1 —-344 =12 NA
Data represent the average = SD (n = 3)
PDI, polydispersity index; PZ, {-potential; NA, Not apply

4%. Glucose reduction, 15 min after insulin challenge, was
18.6, 5.7, 17.7 and 21.9% for those treated with metformin,
niosomes, ACN and ACN/Nios, respectively (Fig. 2c).

Animals treated with Metf (23.2%), ACN (22.4%) and
ACN/Nios (30.7%), displayed significantly reduced fasting
glucose levels after treatments, reaching glucose levels ob-
served in animals fed with a standard diet (Fig. 2¢). AUCs
derived from glucose tolerance test were only significantly re-
duced by Metf and ACN/Nios treatments (Fig. 2f).

Anthocyanin-Loaded Niosomes Reverse Metabolic
Parameters in Obese, Insulin-Resistant Mice

Bodyweight measurements over time showed that ACN-
loaded niosomes only caused a gradual decreased in weight
starting after week two of treatment (Fig. 3a). A significant
difference (p < 0.05) was observed as compared to the HFD-
fed mice at the end of 4 weeks of treatment. The reduction in
body weight is partially explained by a significant reduction in
visceral fat and liver weight (Fig. 3b).

Mice treated with Metf and ACN/Nios showed a signifi-
cant reduction in blood insulin concentrations compared with
HFD group animals (Table III). Further, blood insulin levels
in animals treated with ACN/Nios were significantly lower
than levels in mice treated with ACNs alone. Fasting glucose

levels decreased significantly in animals treated with metfor-
min, ACN and ACN/Nios compared with levels in mice fed
HFD.

Levels of triacylglycerol (TAG), high-density lipopro-
teins (HDL) and low-density lipoproteins (LDL) did not
change significantly among treatment groups. In contrast,
total cholesterol levels (CT) decreased significantly in
mice treated with ACN/Nios. Treatments did not alter
serum adiponectin levels compared to levels in mice fed
HFD. However, concentrations of leptin decreased signif-
icantly in mice treated with ACN/Nios. Administration
of ACN/Nios reversed some of the metabolic abnormal-
ities associated with obesity. Additionally, ACNs loaded
into niosomes reduce the expression of pro-inflammatory
cytokines in the adipose tissue of obese mice. We could
not identify a specific antioxidant activity, either in the
animal model or in a macrophage cell line, J774.
(Supplementary information).

Levels of serum alkaline phosphatase, alanine aminotrans-
ferase and aspartate aminotransferase were measured to eval-
uated liver function. Animals administered Nios, ACN or
ACN/Nios did not show altered levels of these enzymes when
compared with mice fed either a standard diet (chow) or HFD.
Niosomes and ACN thus do not show obvious hepatotoxicity
when added to drinking water.

Table lll  Serum Parameters for the Male C57BL/6 Mice Fed with Chow, HFD, HFD Plus Niosomes or ACN or ACN/NIOS

Chow *» HFD HFD + Metf ~ *p HFD + Nios. *p HFD 4+ ACN *p  HFD 4+ ACN/Nios. *p
Insulin (ug/mL) [,0 = 0,1 d 54 =+06 29+ 04 b 39+05 ns 52 +06 ns 28 =05 b
Glucose (mg/dlL) #  150[91,159] ¢ 194[180,240]  153[130,184] a  168[146,213] ns 160[135,166] a  141[105,165] C
TC (mg/dL) # 60,8[31,917 d 247,6[135311] 179,5[130,204] ns 1792[169,2611 ns 183,3[150,242] ns 156,6[86,191] a
TAG (mg/dL) # 712[17,114] ns 81,2[13,1417  392[12,157] n.s 33,2[18,235] n.s 754[56,99] ns 71,4[17,162] n.s
LDL (mg/dL) # 54,6[32,68] ns 57,3[53,76] 57,2[45,77] ns 54,0051,61] n.s 53,3[47,68] n.s 58,8[46,67] n.s
HDL (mg/dL) # 70,1[62,85] ns 78,6[6592] 69,6[55,113]  ns 68,4[63,106] ns 78,3[68,81] n.s 79,9[73,108] n.s
Leptin (pg/mL) 6263 £ 1877 d 848186032 58,016 +6533 ns 78,008+ 10,632 ns 56,455 10,632 ns 36,714=12,963 ¢
Adiponectin (ng/mL) 4111 =793 a 3420= 141,3 3261 = I14],] ns 3752+ 1806 ns 3850 = 230,6 ns 3631 + 2328 n.s
AP (UL) 392+52 a 413+47 214+ 456 a 34,127 ns 324 +24 ns 350 =52 n.s
AST (UL) 61,1[44,119] ns 86,2[49,135]  857[74,135] n.s 66,3[50,88] ns 59,5[52,154] n.s 100,0[60,206] n.s
ALT (UL) 372 = 7,1 ns 550 + 6,5 50,1 + 8,4 ns 31,3 +54 ns 30,6 = 6,3 ns 41,6 £73 n.s

TC, Total Cholesterol; TAG, triacylglycerol; LDL, Low density lipoprotein; HDL, High

density lipoprotein; AR alkaline phosphatase; AST, Aspartate transaminase; ALT,

alanine transaminase; HFD, High fat die; Metf, Metformin; Nios, Niosomes; ACN, Anthocyanins; ACN/NIOS, Anthocyanins loaded into niosomes. N = 6-9
mice/group. The values represent the means + SE, ANOVA with Tukey post-test of multiple comparisons and as medians =+ interquartile range, #: Kruskal-

Wallis.* a: p < 0.05, b: p < 0.0, c:p <0.001, d: p <0.0001 n.s: non-significan
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Fig.2 Glucose (a and b) and insulin (¢ and d) tolerance test in obese animals treated with metformin (Metf.), Niosomes (Nios), anthocyanins (ACN) and ACN-
loaded niosomes (ACN/Nios). All tests were performed after 4 weeks of treatment or the administration of | 0 doses in the case of Metf. (b, d) the area under the
curve (AUC), calculated from the data obtained in Aand C. Comparison of fasting glucose levels (e) and areas under the curve (AUC) of glucose tolerance tests (f),
before and after treatments. HFD: High Fat Diet. N = 10 *:p < 0.05, #: p < 0.01. **: p < 0.0001, ANOVA with Tukey post-test of multiple comparisons (a,
b,c and d). E and F, a t-Student test was performed. Values were expressed as mean = standard error.

DISCUSSION

In the present work, the metabolic activity of an ACNs extract
obtained from Vaccimium Meridionale Sw (Agraz) was packaged
into non-ionic niosomes and evaluated in a diet-induced obe-
sity mouse model.

The supercritical fluid (SCF) extraction method used here
revealed the presence of four anthocyanins: cyanidin-3-gluco-
side, cyanidin-3-arabinoside, cyanidin-3-galactoside, and del-
phinidin-3-hexoside. These data correspond to those reported
by Garzon et al. (2010) (19), for anthocyanins identified in

agraz fruits grown in native habitats of Colombia. In the pre-
vious study, ACNs extraction was performed using methanol
as a solvent, with resultant yields of 329 mg cyanidin-3 glyco-
side and total phenol content of 758.6 mg GAE per 100 g of
extract. This method results in isolation of higher amounts of
cyanidin 3-glucoside, but less total phenols, when compared to
the ethanol extraction method used in the present study, with
the difference being more profound when compared with
SCF extraction. Extraction with SCF incurs a beneficial ad-
vantage in that it is a clean technology that does not generate
contaminant by-products. On the other hand, a higher
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amount of other phenolic compounds is obtained, which in-
clude flavonoids such as quercetin that have been shown to
exhibit high anti-inflammatory, cardioprotective, neuropro-
tective and anti-carcinogenic activities (9,29).

Several studies demonstrate the role of ACNs in the pre-
vention and treatment of metabolic syndrome and type 2 di-
abetes. ACNs have been reported to reverse insulin resistance
and improve glucose tolerance, dyslipidemia, glycemia and
protect B-cell functionality through different mechanisms.
ACNs regulate GLUT4 expression and translocation and in-
crease PPARY activation in adipose tissue and muscle cells.
They increase expression of AMP-activated protein kinase,
the secretion of leptin and adiponectin and reduce the expres-
sion of retinol-binding protein 4 (RBP4). Further, they inhibit
intestinal a-glucosidase and pancreatic o-amylase, reducing
the amount of carbohydrate absorbed and mimicking caloric
restriction. Likewise, the anti-inflammatory activity of ACN is
associated with reduced expression of TNF-o, MCP-1 and 11~
6 in adipose tissue, probably via modulating the AMPK path-
way (30,31).

Several studies have demonstrated the role of ACNs in the
prevention and treatment of T2DM through different mech-
anisms (11,32). However, the use of ACN-rich extracts as a
functional food or medical treatment is limited due to the low
stability of this type of molecule in various environmental

@ Springer

conditions during processing and storage, such as heat, the
presence of oxygen, light and pH (33). These compounds
are also susceptible to interaction with other foods and addi-
tives that result in both reduced bioavailability and bioactivity
(13,34). The beneficial effect(s) upon obese individuals might
be reached following regular consumption, for which quanti-
ties and duration remain undefined.

The vesicular systems, also known as niosomes, have been
comparatively better accepted within the pharmaceutical in-
dustry as compared to other systems due to the presence of
non-ionic surfactants that improves their safety profile (14).
Furthermore, they have the potential to be custom-made
and encapsulate both hydrophobic and hydrophilic com-
pounds. Herein, an ACNs aqueous extract was encapsulated
into niosomes by an in-house modified production process
with ethanol as a solvent, sonication and a homogenization
set-up. The resultant slightly increased size of the ACN-loaded
nanosomes concerning the empty ones, maybe explained by
the cargo that having a high phenolic content coming from
the SCF extraction process may have more interaction with
the components of the formulation, thereby increasing the
nanoparticle size (35). Remarkably, modifications of this
methodology produced smaller nanoparticles with much low-
er PDI than those reported by the manufacturer and other
authors (18,36), which is highly beneficial for our purpose.
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The {-potential of the loaded nanoparticles was probably af-
fected by the ACNs, which have a positive charge at the oxy-
gen atom of the C-ring of the flavonoid structure that may
affect the chemical nanoparticle environment, thus decreasing
the resultant {-potential.

The encapsulation efficiency was similar to those reported
in other studies (37,38), and the resultant size of the ACN-
loaded niosomes is ideal for oral administration. It is known
that particles <5 pm will pass through lymphatic vessels and
M cells of Peyer’s patches and those with sizes <500 nm can
pass through the epithelial cell membrane via endocytosis (18).

The cyanidin-3-glycoside showed a sustained release pro-
file attaining a plateau at 24 h of the assay. We speculate that
the remaining ACNs were released entirely after 24 h.
However, since the solution underwent a colour change,
which may indicate instability of the pH-dependent anthocya-
nins (34), we expect that such colour change impacted the
quantification of the amount of released compound following
24 h, so that these data were not taken into account. This
characteristic force us to supplement the loaded nanoparticles
every 24 h to ensure a continuous supply of ACNs to the test
animals. Moreover, the release profile of these niosomes could
be improved by modulating the amount of cholesterol and
surfactant of the formulation, by tuning membrane stiffness,
and thus decreasing the outflow (39).

When studying the ACN release kinetics, data fit well with
a Korsmeyer-Peppas model, which implies that erosion and
dilution of the matrix may be taking place. The n value was
slightly lower than 0.5, indicating the porosity of the material
and the agraz components are coming out from the niosomes
by a combined mechanism, i.e. partial diffusion through both,
the swelled matrix and the water-filled pores. This kind of
release mechanism had been reported for other niosomes
(40,41), (see Supplementary information).

In the present study, ACNs were dissolved in water and
packaged in niosomes (i.e. ACN/Nios) and further adminis-
tered in the anmimals’ drinking water at concentrations of 280
and 160 pg/ml, respectively for four weeks. Although it is
difficult to compare these doses and administration times with
other studies, the results of the present work highlight two
important aspects. The administration of the ACN/Nios for-
mulation as a functional drink and the biological effect of such
on the employed animal model is achieved following 4 weeks
of administration, while the administration of dissolved ACNs
does not have a marked effect upon the reversal of the meta-
bolic abnormalities associated with obesity.

Studies carried out by Chen et al. (2018) (42) showed that
the administration of 200 and 400 mg/kg per day for 28 days
of a soybean extract enriched with anthocyanins slightly
reduces hyperglycemia and hyperlipidemia in a T2DM
mouse model. This study has been validated in various animal
models, in which the beneficial effect of anthocyanin admin-
istration within the reduction of immunometabolic markers

associated with obesity and diabetes has been determined.
These studies have evaluated the administration of raw
extracts in food amounts ranging from 0.2% (wt/wt) of
cyanidin-3 glycoside, to mixtures of 10% (wt/wt), depending
on the plant source from which the ACNs were obtained.
However, administration times vary widely, from 3 to 8 weeks,
depending on the animal model used and the source of antho-
cyanins administered. (43—46).

In the animal model used here, the biological activity of
ACNs 1s evident when they are packaged in niosomes. These
nanoparticles appear to increase the bioavailability of ACN,
as only the animal group treated with ACN/Nios reduced
fasting glucose and insulin levels, as well as intolerance to
glucose and insulin. These results suggest that treatment with
the ACN/Nios formulation significantly affects the reversal of
the systemic insulin resistance established within the animal
model. This reversion was not identified in animals having
received only ACNSs, even though a higher concentration
was administrated. Most likely, the administration of the treat-
ment based on ACNs alone for an extended time can equal
the effects identified in the animals treated with ACN/Nios.

Niosomes serve as an alternative for the oral administration
of aqueous extracts (47). Here, we observed improvement in
the bioavailability profile of the metabolites present in agraz,
likely due to absorption in the stomach and small intestine of
the gastrointestinal tract (18). Besides, others have indicated
that phospholipids and lipoid surfactants are not hydrolyzed
by gastric lipases suggesting that vesicular systems such as nio-
somes remain protected in the stomach (48).

Based on the lipid nature of niosomes, drug bioavailability
following oral administration is enhanced via a mechanism
similar to conventional lipid-based carriers. Surfactants in-
crease the permeability of the intestinal membrane in a
concentration-dependent manner, but not all non-ionic sur-
factants enhance the drug absorption when present at concen-
trations above their critical micelle concentration. Conversely,
toxic effects reported are more pronounced when this critical
concentration is surpassed.

A differential biological effect between the animal groups
treated with ACN vs ACN/Nios was evidenced in other met-
abolic markers as well. In the latter group, the levels of total
cholesterol, leptin, and expression of pro-inflammatory cyto-
kines within adipose tissue were reduced. Likewise, it was ob-
served that the administration of the ACN/Nios formulation
significantly reduced animal weight with 4 weeks of treatment.
Therefore, this work provides essential information in that
encapsulation was shown to protect ACNs from degradation,
thereby increasing their bioavailability and bringing us closer
to a determination of the amount and duration required for
the administration of these compounds.

In animals that received the ACNs treatment alone (dis-
solved in water), a reduction in fasting glucose could be ob-
served, but no changes in glucose or insulin tolerance were
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noted. The decrease in fasting glucose concentration within
these animals could be explained by the fact that at the intes-
tinal level, ACNs inhibit the absorption of glucose from the
diet into the general circulation (49), and thus its hepatic stor-
age as glycogen is reduced. Thus, the amount of glucose re-
leased via glycogenolysis is reduced during fasting.

Encapsulation of ACN mixtures within niosomes both pro-
tects the different components of the mixture as well as
increases their availability and therapeutic effect. In vitro stud-
ies have shown that ACNs encapsulation reduces the neces-
sary effective dose when used in formulations for management
of mitochondrial dysfunction or cancer (50-52). This system
of administration of ACN-loaded niosomes has been success-
fully used for the treatment of other pathologies in animal
models. For example, multiple groups have shown that
ACNSs loaded into niosomes resulted in a more significant
effect in reducing memory impairment in a mouse model of
Alzheimer’s disease than the administration of ACN alone
(53,54). Additionally, Priprem et al. (2018) identified a higher
anti-inflammatory activity after using this drug delivery form
within a model of oral injury in rats (38).

In conclusion, the functional drink prepared with
anthocyanins-loaded niosomes was well tolerated by animals
and resulted in an increased anti-hyperglycemic/anti-diabetic
effect within a diet-induced mice obesity model, without in-
ducing any apparent toxicity.
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