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1. Introduction

Apple peels as an edible source of phenolic
bioactive compounds with antidiabetic and
antiglycation properties

ab Rares Candrea,?
9and Victor Lopez

Javier Cano-Lou, (9P Adrian Millan-Laleona,
Francisco Les, 2P Ana Pina,® Giovanni Caprioli *a.b

Apples (Malus domestica Borkh.) are one of the most consumed fruits around the world with a high pro-
duction of peels as wastes and by-products. In this work, peels from different commercial and local apple
samples are explored as a source of phenolic bioactive compounds that could be directly related to the
prevention of type 2 diabetes. Six different cultivars from local and commercial apple samples were pro-
cessed to obtain the phenolic compounds by ultrasonication of the peels using methanol as the solvent.
The phenolic content was explored using the Folin—Ciocalteu assay and the quantification of 37 individual
phenolic compounds was carried out by high-performance liquid chromatography coupled with mass
spectrometry (HPLC-MS/MS). Cellular viability was determined by performing the MTT assay in Caco-2
cell cultures exposed to the phenolic extracts. Subsequently, the capacity to inhibit a-glucosidase,
a-amylase and pancreatic lipase enzymes, as well as antiglycation and antioxidant activities, was evalu-
ated. These apple peel samples were considered a source of phenolic compounds with hyperoside, del-
phinidin 3,5-diglucoside, chlorogenic acid, phlorizin, epicatechin and procyanidin B2 as the main con-
stituents. All samples neutralized the production of advanced glycation end-products and exhibited anti-
radical activities in a dose-dependent manner; four samples (Amarilla de Octubre, Manzana Helada, Verde
Doncella and Pinova) inhibited a-glucosidase but only the sample known as “Amarilla de Octubre” was
successful in inhibiting pancreatic a-amylase. Cytotoxicity was discarded in Caco-2 cell cultures at phys-
iological concentrations considering these extracts as a source of phenolic compounds with antidiabetic,
antiglycation and antioxidant properties.

cases, which occurs due to an excess body weight, sedentary
behaviour and dietary changes.’> The International Diabetes

Diabetes mellitus is a chronic disease that develops when the
pancreatic islet p-cells cannot produce insulin, or the body
becomes resistant to insulin with a deficient action in sensitive
tissues." This contributes to high blood glucose levels, which
induce a rise in reactive oxygen species (ROS) and inflam-
mation, culminating in long-term damage to hyperglycaemia-
sensitive cells in various organs and tissues.”> The World
Health Organization (WHO) classifies hyperglycaemic dis-
orders into diabetes mellitus type 1, type 2 and gestational dia-
betes, with type-2 diabetes accounting for 90% of all diabetes
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Federation (IDF) estimates 783.2 million diabetic people by
2045, which will be directly related to inevitable factors, such
as population growth, major urbanisation, and an elderly
society, combined with a better diabetes treatment that
increases prevalence through decreased mortality.* Some strat-
egies on modifiable factors such as lifestyle behaviour and a
healthy diet are required to stall the rise of developing diabetes
and its complication.” Plant-based diets or herbal sup-
plements have traditionally had beneficial effects on chronic
disease and have been associated with a decrease in the
chance of developing type 2 diabetes.*” One of the most
common components in plant-derived foods is polyphenols,®
which are phenolic compounds with a survival and antioxidant
function as secondary metabolites in plants.® These phenolic
compounds might help in the prevention of metabolic and
non-communicable diseases such as type 2 diabetes in part
due to their antiradical and anti-inflammatory properties
associated with specific antidiabetic properties such as
enzyme inhibitory properties, anti-glycation activity, improve-
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ment of beta cell function and insulin resistance, as well as
regulation of carbohydrate metabolism, among others.'® The
most frequent classification of phenolic compounds includes
five main classes: phenolic acids, flavonoids, tannins, stil-
benes, lignans, and others.’ The flavonoid group is frequently
found in plant foods, and some of the subgroups are flavonols,
flavanols, flavones, isoflavones, anthocyanins and flava-
nones." These phenolic compounds could be found in high
amounts in plant residues, including food by-products and
wastes.'> Compared to other food-processing sectors, the agri-
food industries in relation to fruits and vegetables generate
increasing amounts of waste including 25-30% of peels, which
are usually discarded.” According to the Food and Agriculture
Organization of the United Nations (FAO), 1.3 billion tons per
year of food get lost or wasted in the world.'* In addition, the
agri-food industries and distributors in Spain produced
0.0022 kg L™* of by-products and 0.0004 kg L™ of wastes for
each kg L™" of end products.”® Phenolic compounds from this
huge volume of plant residues could be extracted and trans-
formed into health-promoting ingredients for the development
of innovative food products such as nutraceuticals, food sup-
plements, cosmetics or medicinal products'® and could provide
a source of a great variety of phytochemicals as hypoglycaemic
drugs to prevent diabetes type 2.'7'® Certain peels from fruits
and vegetables are edible, but in many cases, they are also fre-
quent residues found in the food industry. In this context, it is
remarkable to delve into the added value from residues of
apple-derived products which are usually processed as peeled
fruits, producing a large quantity of peel as industrial waste.'®
Furthermore, peels are considered as a great source of nutrients
and phytochemicals with higher bioactivity than the pulp.*®*!
Nevertheless, the quantitative distribution of phenolic com-
pounds is variable depending not only on the plant type or the
plant organ, but also on the genetics, maturity and climatic con-
ditions.”* The main goal of this manuscript is to investigate
whether edible peels from autochthonous and commercial
apple cultivars can also be used as a natural matrix of phenolic
bioactive compounds for different industrial applications.

2. Materials and methods
2.1 Apple peel samples

Six different varieties of fresh apples (Pinova and Verde
Doncella as commercial samples; Esperiega de Ademuz,
Manzana Helada, Amarilla de Octubre and Borau 01 as
local autochthonous cultivars) were collected in 2022 from
Garcipollera (Huesca, Aragon) between the months of August-
October. After the apples were peeled, the pulp and the peel
were completely separated in different parts. The peel tissue
was frozen at —80 °C and lyophilized.

2.2 Extraction of phenolic compounds and determination of
total phenolic content (TPC)

For this study, the extraction of phenolic compounds was
achieved using methanol and the solid liquid ratio (SLR) was a
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1:33 mixture. The method used for the extraction was treat-
ment with intense ultrasonic waves for 20 minutes at room
temperature, also known as ultrasound-assisted extraction
(UAE). UAE was used as an effective extraction method of bio-
active compounds, such as phenolic compounds.™® The liquid
extract was centrifuged at 4000g for 10 minutes, the super-
natant was filtered by clarification filtration with filter paper,
and the solvent was evaporated using a rotary evaporator. The
end product was a semi-solid mixture of each apple peel
extract. TPC was determined using the Folin-Ciocalteu assay.
Avolume of 100 pL of the Folin—-Ciocalteu reagent 10% (Sigma-
Aldrich, Barcelona, Spain) was added to each well along with
20 pL of diluted extracts in methanol. After being kept for
3 minutes in the dark at ambient temperature, the reaction
solution was mixed with 80 pL of Na,CO; (10%).

The reaction was concluded after 30 minutes of incu-
bation under the previous conditions, and the absorbance
(760 nm) was measured on a Synergy H1 reader (BioTek®
Instruments, Inc., Winooski, VT, USA). A standard curve of
gallic acid was used to quantify the TPC, which was
expressed as milligrams of gallic acid equivalent (GAE) per
gram of the extract.

2.3 Analysis of phenolic compounds by HPLC-MS/MS

2.3.1 Reagents and standards. A total of 37 analytical stan-
dards have been used. Some of the standards, such as cyani-
din-3-glucoside chloride, delphinidin-3,5-diglucoside chloride,
delphinidin-3-galactoside  chloride, petunidin-3-glucoside
chloride, malvidin-3-galactoside chloride, quercetin-3-gluco-
side and kaempferol-3-glucoside were acquired from PhytoLab
(Vestenbergsgreuth, Germany), while the rest of the stan-
dards were provided by Sigma-Aldrich (Milan, Italy). The iso-
lated standards were dissolved in HPLC-grade methanol,
and a specific solution of each standard was obtained at
1000 mg L~'. All solvents and solutions were filtered
through a 0.2 pm polyamide filter supplied by Sartorius
Stedim (Goettingen, Germany). In addition, all samples were
filtered prior to the HPLC 126 analysis, with a Phenex™ RC
4 mm 0.2 pm syringeless filter from Phenomenex (Castel
Maggiore, BO, Italy).

2.3.2 HPLC-ESI-MS/MS instrument and analysis. The ana-
lysis of polyphenols was carried out using high performance
liquid chromatography coupled with tandem mass spec-
trometry (HPLC-MS/MS) using a triple quadrupole detector fol-
lowing a method developed in our laboratory.*®

Briefly, the analytical separation of the analytes was carried
out on a Synergi Polar-RP C18 column preceded by a pre-
column. The solvents used as mobile phases were water (A)
and methanol each with 0.1% of formic acid at a flow rate of
0.8 mL min~" in the gradient elution mode. The volume used
for injection was 2 pL, and the temperature of the oven was
30 °C.

The source of ionization used was an electrospray ioniza-
tion (ESI) operating in negative and positive modes and the
detector was a triple quadrupole working in the dynamic MRM
(multiple reaction monitoring) mode.

This journal is © The Royal Society of Chemistry 2025
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2.4 Cell viability assays

Caco-2 cells (epithelial cells isolated from colon tissue) were
acquired from ATCC. The cell culture was treated with DMEM
medium (Sigma Aldrich), 10% foetal bovine serum (FBS)
(Sigma Aldrich) and 1% penicillin-streptomycin (Sigma
Aldrich) in an incubator under a 5% CO, atmosphere and at
37 °C. For the MTT assay, firstly, Caco-2 cells were seeded in
96-well plates at 2 x 10* cells per well for 24 hours. After that
period, certain cells were treated with different apple peel
extracts from 62.5 to 1000 pg extract per mL in 1% FBS and
DMEM, meanwhile other cells (control) were cultivated with
1% FBS and DMEM without treatment for 24 hours. Following
that, 100 uL of MTT stock solution (0.4 mg mL™" in 10% FBS)
was added in each well and the plate was collocated in an incu-
bator under a 5% CO, atmosphere and at 37 °C, in the dark
for 3 hours. Once the formazan crystals were formed, the MTT
solution was removed and 100 pL of DMSO was added. Finally,
the dissolution of the crystals was carried out by agitation, and
a purple colour appeared. The absorbance was read at 550 nm
in a Synergy H1 Hybrid Multi-Mode Reader (Biotek, Bad
Friedrichshall, Germany). The viability was calculated using
the following formula (eqn (1)):

Cell viability (%) = [AbSsample /AbScontrol] X 100 (1)

2.5 Enzyme inhibitory assays of a-glucosidase, a-amylase
and lipase

2.5.1 a-Glucosidase (from Saccharomyces cerevisiae) inhi-
bition. The inhibition of o-glucosidase (Sigma-Aldrich,
Barcelona, Spain) was analysed using a 96-microplate reader
using a-glucosidase from Saccharomyces cerevisiae. A volume of
100 pL of a-glucosidase solution (1.0 U mL™") was preincu-
bated with 50 pL of the diluted extracts in each well at ambient
temperature for 10 min. After that period, the reaction occurred
upon adding 50 pL of 3 mM pNPG (4-nitrophenyl o-p-glucopyra-
noside) (Sigma-Aldrich, Barcelona, Spain) to the mixture solu-
tion, and the absorbance was measured at a wavelength of
405 nm after 5 min of incubation at 37 °C. Phosphate buffer
was used to dissolve the reagents and the extracts. The inhibi-
tory activity was calculated using the equation below (2):

Inhibition (%) = [AbScontrol — AbSsample/AbSconrot] % 100 (2)

2.5.2 oa-Amylase (from porcine pancreas) inhibition. The
inhibition reaction of a-amylase (Sigma-Aldrich) was carried
out in 1.5 mL microtubes. 100 pL of the extract sample and
100 pL of porcine pancreatic a-amylase (2 mg mL™" centri-
fuged) were preincubated in microtubes at 37 °C for
5 minutes. After that, 1% starch solution (Sigma-Aldrich) was
added and incubated at 37 °C for another 10 minutes.
Following that, 200 pL of 1% 3,5-dinitrosalicylic acid (DNS)
(Sigma-Aldrich) color reagent and 50 pL of 1 M NaOH were
incubated for 5 minutes at 100 °C. Once the reaction was fin-
ished, the solution changed the colour and the microtubes
were cooled in a bath of cold water. Phosphate buffer was used
to dissolve the reagents and the extracts. To perform the absor-

This journal is © The Royal Society of Chemistry 2025
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bance measurement at 540 nm, 200 pL of the solution from
each microtube was transferred to a 96-well microplate. The
inhibitory activity was determined by applying eqn (2).

2.5.3 Lipase (from porcine pancreas) inhibition. The inhi-
bition of pancreatic lipase (Sigma-Aldrich, Barcelona, Spain)
was assessed using a 96-microplate reader. A solution in each
well was prepared from the mixture of 40 puL of diluted extracts
and 40 pL of lipase type II from porcine pancreas (2.5 mg
mL™" centrifuged), and a preincubation period of 15 min at
ambient temperature was needed. After that period, 20 uL of
10 mM p-4-nitrophenyl butyrate (NPB) (Sigma Aldrich,
Barcelona) was added to the mixture solution, and the absor-
bance was measured at a wavelength of 405 nm after 15 min of
incubation at 37 °C. Phosphate buffer was used to dissolve the
reagents and the extracts. The inhibitory activity was deter-
mined using eqn (2).

2.6 Antiglycation and antioxidant activities

2.6.1. Inhibition of advanced glycation end products
(AGEs). Formation of AGEs was evaluated using a 96-well black
microplate. 50 pL of sample extracts, 100 pL of bovine serum
albumin solution (Santa Cruz, Barcelona, Spain) (10 mg
mL™"), and 100 pL of fructose (Sigma-Aldrich, Barcelona,
Spain) (0.5 M) were added to each well. All solutions were pre-
pared in phosphate buffer. After incubation for 24 hours at
37 °C in the dark, the fluorescence was analysed at an exci-
tation wavelength of 355 nm and an emission wavelength of
460 nm. The inhibitory activity was determined using eqn (2).

2.6.2. Radical scavenging activity against 2,2-diphenyl-1-
picrylhydrazyl (DPPH). The DPPH (Sigma-Aldrich, Barcelona,
Spain) inhibition activity of the extracts was evaluated through
spectrophotometric techniques. A total of 150 uL of diluted
extracts in methanol were mixed with 150 pL of a DPPH-methanol
solution (0.04 mg mL™") and incubated in the dark at ambient
temperature for 30 min (absorbance read at 517 nm). The percen-
tage of inhibition was calculated using eqn (2).

2.7 Statistical analysis

Each assay was carried out at least three times on different
days and all results were expressed as the mean + standard
error (SEM) of different assays. GraphPad Prism v.8.0
(GraphPad Software, San Diego, CA, USA) was applied to
execute data analyses such as nonlinear regressions, a one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test,
Student’s ¢-test, and Pearson correlations and statistics with a
95% confidence level and 5% of wise significance. The deter-
mination of linear correlation was performed for the total poly-
phenol content using the Folin-Ciocalteu assay and antidia-
betic, anti-glycation or antioxidant properties.

2.8 Chemical structure generation

The chemical structures of most of the phenolic compounds
found in the extract samples were generated using ChemDraw
v. 21.0.0 software (PerkinElmer Informatics, Waltham,
Massachusetts, USA).
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3. Results

3.1 Phenolic content using the Folin-Ciocalteu assay and
HPLC-MS/MS

According to the TPC obtained from the Folin—-Ciocalteu assay,
the best apple peel sample is Amarilla de Octubre (142.80 =+
26.61 mg GAE per g extract) (Table 1), revealing significant
differences against the rest of the samples, either autochtho-
nous or commercial samples. Nevertheless, the commercial
sample known as Pinova (52.81 + 13.70 mg GAE per g extract),
and the autochthonous sample of Borau 01 (41.79 + 5.82 mg
GAE per g extract) showed the lowest polyphenol content, com-
pared to the rest of the samples.

Considering HPLC-MS/MS analysis, 37 individual phenolic
compounds of interest in six apple peel extracts from different
apple cultivars were monitored (Table 2). The phenolic groups
detected in the samples belong to flavonols, flavan-3-ols,
anthocyanins, dihydrochalcones and cinnamic acid com-
pounds. Nevertheless, none of the hydroxybenzoic acid, stil-
bene and flavanone compounds were identified. Amarilla de
Octubre, as determined by HPLC-MS/MS, is the best sample as
it contains 3 times higher phenolics (24 840.98 pg g~ ') than
Borau 01 (8576.39 pg g '). The highest number of different
phenolic compounds analysed (16 compounds) were detected
in Amarilla de Octubre, while 14 compounds were revealed in
Borau 01, and 15 were detected in the other samples.

The most abundant phenolic compounds contained in the
samples were hyperoside, delphinidin 3,5-diglucoside, epicate-
chin, procyanidin B2, phlorizin and chlorogenic acid (Fig. 1).
However, hyperoside followed by delphinidin 3,5-diglucoside
were found in high quantities in all the samples. Hyperoside
belongs to the flavonol compounds as a glycosylated variety of
quercetin, and its levels varied from 6336.00 pg g~ (Pinova) to
1209.07 pg g~ (Borau 01). However, delphinidin 3,5-digluco-
side is included in the anthocyanin compounds as a glycosy-
lated form of delphinidin, and its levels varied between
5456.33 pg g (Pinova) and 948.11 pg g~ (Borau 01).

It is noteworthy that the commercial samples are a better
source of flavonols and anthocyanins but have a shortage of
flavan-3-ols, dihydrochalcones and cinnamic acids (Fig. 2).
The phenolic fraction of commercial samples of Pinova and
Verde Doncella was made up of 69.58% and 64.94% flavonols,
along with 28.19% and 23.73% anthocyanins, respectively,

Table 1 Total phenolic content (TPC) corresponding to the mean +
SEM of a minimum of three independent experiments measured using
the Folin—-Ciocalteu assay (*p < 0.05, **p < 0.001 versus Amarilla de
Octubre)

Samples Folin-Ciocalteu (mg GAE per g extract)

142.80 £ 26.61
69.21 + 8.98*

67.43 +11.89*
61.94 +11.18*
52.81 +13.70*
41.79 + 5.82**

Amarilla de Octubre
Esperiega de Ademuz
Verde Doncella
Manzana Helada
Pinova

Borau 01

2950 | Food Funct., 2025, 16, 2947-2958
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with hyperoside, delphinidin 3,5-diglucoside and isoquercitrin
being the most abundant compounds in both samples. The
main differences between them were the absence of flavan-3-ol
compounds in Pinova, compared to the presence of 7.77%
flavan-3-ols in the Verde Doncella sample. Procyanidin B2
(471.07 pg g7"), epicatechin (296.31 pg ¢7') and catechin
(87.73 pg g~ ") were contained in Verde Doncella.

Nevertheless, for the autochthonous samples, a lower pro-
portion of flavonols and anthocyanins was obtained in their
TPC, with respect to the commercial samples. The decreased
ratio of flavonols and anthocyanins is due to a notable
increase in other types of phenolic compounds such as flavon-
3-ols, dihydrochalcones and cinnamic acids (Fig. 2).

The sample of Amarilla de Octubre showed the most abun-
dant quantities of flavonols and anthocyanins among all the
autochthonous samples. Although, in comparison with the
commercial samples, a lower percentage of 34.16% and
14.92% was obtained in their TPC, respectively. This is attribu-
ted to the great amounts of flavon-3-ol compounds existing as
epicatechin (5244.89 pg g™*) or its dimerized form called pro-
cyanidin B2 (4297.35 pg g ).

Similarly, it is worth noting that phlorizin, the glycosylated
form of phloretin, which belongs to dihydrochalcone com-
pounds, appears as an important phenolic compound in the
autochthonous extracts of Esperiega de Ademuz (3092.59 pg
¢™!) and Manzana Helada (1894.48 pg g™'). Apart from that,
the main difference between them is the fluctuation of the
amount of cinnamic acids, flavonols and anthocyanins.
Esperiega de Ademuz showed higher quantities of cinnamic
acids as chlorogenic acid (910.65 pg g ‘). Nonetheless,
Manzana Helada was made up of 44.88% flavonols, along with
15.60% anthocyanins, being the second autochthonous
sample beyond Amarilla de Octubre with a rich amount of
these types of phenolic compounds.

In addition, despite the low TPC of the autochthonous
sample of Borau 01, chlorogenic acid from cinnamic acids,
function as a significant compound (2312.85 pg g ).
Therefore, being the sample with the largest amount of this
type of phenolic compound, the sample of Borau 01 is con-
sidered as a good source of that substance.

3.2 Cell viability in Caco-2 cultures

The cytotoxicity of the apple peel phenolic extracts was evalu-
ated in a wide range of concentrations, from lower and more
physiological to very high and non-physiological concen-
trations. The MTT assay showed that Amarilla de Octubre,
Manzana Helada and Esperiega de Ademuz, induced a slight
decrease in the cell viability at high concentrations compared
to the commercial samples (Verde Doncella and Pinova)
(Fig. 3). The three autochthonous samples with the lowest via-
bility, and the commercial sample of Pinova at 1000 pg mL ™"
showed significant differences compared to the control cells
without treatment, in terms of viability. Nonetheless, the cell
viability was superior by 50% at the highest analysed concen-
tration of all samples; considering that 1000 pg mL™" is a very

This journal is © The Royal Society of Chemistry 2025
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Table 2 Individual phenolic compounds analysed by HPLC-MS/MS

Compounds Amarilla de Octubre  Pinova Esperiega de Ademuz Manzana Helada Verde Doncella  Borau 01
Hydroxybenzoic acids

Gallic acid n.d. n.d. n.d. n.d. n.d. n.d.
3-Hydroxybenzoic acid n.d. n.d. n.d. n.d. n.d. n.d.
4-Hydroxybenzoic acid n.d. n.d. n.d. n.d. n.d. n.d.
Cinnamic acids

Chlorogenic acid 2105.95 154.30 910.65 333.76 20.77 2312.85
Neochlorogenic acid 39.05 n.d. 18.22 16.09 n.d. n.d.
Caffeic acid n.d. n.d. n.d. n.d. n.d. n.d.
Vanillic acid n.d. n.d. n.d. n.d. n.d. n.d.
Syringic acid n.d. n.d. n.d. n.d. n.d. n.d.
P-Coumaric acid n.d. 15.05 n.d. n.d. n.d. 10.94
Ferulic acid n.d. 73.39 n.d. n.d. n.d. n.d.
Ellagic acid 104.85 55.28 100.34 103.25 308.72 n.d.
trans-Cinnamic acid n.d. n.d. n.d. n.d. n.d. n.d.
Stilbenes

Resveratrol n.d. n.d. n.d. n.d. n.d. n.d.
Dihydrochalcones

Phloridzin 341.08 157.32 3092.59 1894.48 62.29 408.87
Phloretin 0.18 0.89 0.82 0.46 n.d. 0.14
Flavonols

Quercetin 12.45 1387.82 6.60 5.53 10.34 33.07
Kaempferol n.d. n.d. n.d. n.d. n.d. n.d.
Myricetin n.d. n.d. n.d. n.d. n.d. n.d.
Isorhamnetin n.d. 12.30 n.d. n.d. n.d. n.d.
Kaempferol-3-glucoside 24.54 10.10 7.50 5.37 9.85 6.71
Quercitrin 925.76 1447.40 517.20 952.75 793.34 442.78
Rutin 302.41 541.97 74.68 148.06 666.50 34.83
Hyperoside 4246.61 6336.00 2766.28 2677.83 3495.94 1209.07
Isoquercitrin 2973.13 4517.45 1669.32 1943.33 2168.95 770.70
Flavan-3-ols

Catechin 515.34 n.d. 181.13 113.11 87.73 108.17
Procyanidin A2 n.d. n.d. n.d. n.d. n.d. n.d.
Procyanidin B2 4297.35 n.d. 1160.39 1331.09 471.07 1086.90
Epicatechin 5244.89 n.d. 1977.79 1255.01 296.31 1186.63
Flavanones

Naringenin n.d. n.d. n.d. n.d. n.d. n.d.
Hesperidin n.d. n.d. n.d. n.d. n.d. n.d.
Anthocyanin

Delphinidin-3,5-diglucoside 3707.40 5456.33 1979.19 1992.60 2611.10 948.11
Delphinidin-3-galactoside 15.80 n.d. n.d. n.d. n.d. 16.60
Cyanidin-3-glucoside n.d. 303.24 n.d. n.d. n.d. n.d.
Petunidin-3-glucoside n.d. n.d. n.d. n.d. n.d. n.d.
Pelargonidin-3-glucoside n.d. n.d. n.d. n.d. n.d. n.d.
Pelargonidin-3-rutinoside n.d. n.d. n.d. n.d. n.d. n.d.
Malvidin-3-galactoside n.d. n.d. n.d. n.d. n.d. n.d.
Total polyphenolic content (pg g™') 24 840.98 20484.65 14462.70 12772.71 11 002.2 8576.39

n.d: not detected.

high and non-physiologically relevant concentration, apple
peel extracts can be considered as non-cytotoxic.

3.3 Evaluation of the antidiabetic activity against
a-glucosidase, a-amylase and lipase

The substance used as reference in the a-glucosidase assay was
the therapeutic agent of acarbose, with a half-maximal inhibi-
tory concentration (ICso) of 220 + 64.10 pg mL™". Only four
extracts (Amarilla de Octubre, Manzana Helada, Verde

This journal is © The Royal Society of Chemistry 2025

Doncella and Pinova) were able to inhibit a-glucosidase as
indicated in Fig. 4. Amarilla de Octubre showed the lowest ICs,
value related to the highest activity. The most powerful sample
is followed by Manzana Helada and the commercial sample of
Verde Doncella, which had interesting results as well. The
commercial sample of Pinova was less effective than the pre-
vious mentioned samples. Nevertheless, no activity was found
in the inhibition of o-glucosidase in the autochthonous
samples of Borau 01 and Esperiega de Ademuz.
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Fig. 1 Chemical structures of the most abundant phenolic compounds of the apple peel extracts.

The substance used as reference in the a-amylase assay was
gallic acid, a phenolic compound with an ICs, value of 909 +
15 pg mL™'. The autochthonous sample of Amarilla de
Octubre was the unique sample with enough capacity to
inhibit the a-amylase enzyme, showing promising antidiabetic
activity.

Regarding the lipase inhibition assay, the substance used
as reference in the lipase assay was the therapeutic agent of
orlistat, with an ICs, value of 27.68 + 1.53 pg mL™'. None of
the extracts were able to show activities, as they did not reach a
concentration of 2000 pg mL™".

In the set of the antidiabetic assays, none of the samples
were able to achieve the reference pure substances (Table 3).
However, the ICs, value of autochthonous samples of Amarilla
de Octubre and Manzana Helada were very similar to the ICs,
of reference substances used in the a-glucosidase assays, with
no significant difference between them. Commercial samples
of Verde Doncella showed an interesting result as well in the
a-glucosidase inhibition assay, with no significant difference
compared to the acarbose.

3.4 Evaluation of the inhibition of AGEs formation, and the
antioxidant activity against radical DPPH

The substance used as reference in the AGEs inhibition assay
was the investigational drug of aminoguanidine, with an ICs,
value of 55.01 + 5.63 pg mL™". All apple peel samples were able
to inhibit AGEs formation. It should be emphasized that the
high activity of the autochthonous sample of Amarilla de

2952 | Food Funct., 2025, 16, 2947-2958

Octubre was indicated by the lowest ICs, value, followed by
Manzana Helada and the commercial sample of Verde
Doncella. Nevertheless, some of the autochthonous samples
(Borau 01, Esperiega de Ademuz) and the commercial sample
of Pinova showed the lowest activity, with the commercial
sample of Pinova being the least effective.

The substance used as reference in the DPPH inhibition
assay was gallic acid from phenolic compounds. It revealed
an outstanding profile as radical scavengers, showing an
IC5, value of 0.471 + 0.0791 pg mL~'. All apple peel
samples were able to scavenge DPPH radicals. It should be
noted that the high activity of the autochthonous sample of
Amarilla de Octubre was indicated by the lowest IC5, value.
Other autochthonous and commercial samples such as
Esperiega de Ademuz, Manzana Helada and Verde
Doncella had optimal and similar results in terms of
inhibitory activity. Nevertheless, the autochthonous and
commercial samples of Borau 01 and Pinova showed the
worst results.

None of the apple peel extracts (Table 3) were able to
achieve ICs, values of the reference pure substances. However,
the ICsq value of autochthonous sample of Amarilla was very
comparable to the ICs, value of the reference substance used
in AGE and DPPH assays, with no significant difference
between them. The ICs, value of the other autochthonous
sample of Manzana Helada was very similar to the ICs, value
of aminoguanidine used in the AGE inhibition assay, with no
significant difference as well.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Phenolic fraction expressed as the percentage (%) of (A) commercial samples (Pinova, Verde Doncella) and (B) autochthonous samples
(Amarilla de Octubre, Esperiega de Ademuz, Borau 01 and Manzana Helada).

3.5 Determination of linear correlation of TPC using the
Folin-Ciocalteu assay and antidiabetic, antiglycative or

antioxidant properties

Linear correlation analysis of TPC was obtained using the
Folin-Ciocalteu assay and the ICs, values of the antidiabetic,

This journal is © The Royal Society of Chemistry 2025

antiglycation and antioxidant assays using the Pearson corre-
lation coefficient (Fig. 5). No correlation was found between

the a-glucosidase and AGE assays and TPC, which suggests
that TPC is not related to antidiabetic activity. However,

regarding the antioxidant activity, a clear correlation was
found between the DPPH assay and TPC.
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4. Discussion

Apple peels are edible fruit parts but also a residue generated
by the fruit and food industry all over the world. Considering
that according to the WHO, 422 million people worldwide
have diabetes, we here hypothesized whether these fruit peels
could be an excellent source of phenolic compounds with bio-
active properties such as antidiabetic, antiglycation or anti-
oxidant properties and different food or health applications.
The total extractable phenolic content was analysed using the
Folin-Ciocalteu assay and ranges from 41 to 142 mg g~ ' of
apple peel extract. The concentration of TPC is greater in the
apple peel than that in the apple pulp obtained in a previous
research study from Aragén and Navarra apple cultivars,** and
this result is consistent with other comparative studies
between the peel and the pulp of the apple.>®

The Folin—-Ciocalteu assay method is usually used as a nor-
malized method for analysing the TPC and uses the Folin-
Ciocalteu reagent to oxidise the phenolic compounds. These
phenolic compounds analysed are the main objective of this
study, and the amounts of these bioactive compounds in the
apple peel extracts are relevant to revalorizing these types of
wastes and by-products. However, the TPC assay used is based
on a redox reaction, and other compounds than polyphenols
such as ascorbic acid and sugars can reduce the Folin-
Ciocalteu reagent, and an overestimated result of phenolics
can be produced.*® Nevertheless, the TPC can be very useful in
comparing the amount of phenolic compounds between the
different samples. In this assay, only Amarilla de Octubre has a
significant difference among the other samples. Therefore, a
complementary study of the antioxidant phytochemicals was
needed, and HPLC-MS was selected as a reference method to
analyse the overall phenolic compounds and 37 individual phe-
nolic compounds of the samples. The TPC obtained by
HPLC-MS was lower than that obtained by the Folin-Ciocalteu
method. This finding is attributed to the fact that only 37 pheno-
lic compounds were detected in this analysis and that many
compounds such as polymerized polyphenols cannot be
detected by HPLC-MS, such as proanthocyanidins (flavan-3-ol)

Table 3 Results of antidiabetic activities against a-glucosidase and a-amylase. AGE formation and antioxidant activity against DPPH. The results are
presented as the mean + SEM of a minimum of three independent experiments. ICso values were also calculated by nonlinear regression (ns = not
significant, *p < 0.05, **p < 0.001, ***p < 0.0005, ****p < 0.0001 versus the control)

IC5, values (pg mL™") in the in vitro assays

Extracts a-Glucosidase a-Amylase AGEs DPPH

A. Octubre 625.51 + 52.23"° 1796.51 + 40.95**** 158.69 + 10.04™° 23.78 + 3.69™°

M. Helada 1074 + 77.53"° n.a 190.95 + 8.14"° 51.68 + 5.13*

E. Ademuz n.a n.a 383.41 + 14.18*** 56.09 + 8.23*%
Pinova 2150 + 926.49* n.a 1006.87 + 82.32**** 92.43 + 10.80****
V. Doncella 1250 + 63.51™° n.a 221.61 + 14.12* 59.98 + 3.08*
Borau 01 n.a n.a 378.33 + 14.90**** 106.45 + 21.88****
Acarbose 220 + 64.10 — — .

Gallic acid — 909 + 15 — 0.47 + 0.07
Aminoguanidine — — 55.01 £ 5.63 —

n.a: no activity.
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Fig. 5 Correlation statistical analysis of TPC using the Folin—Ciocalteu assay and ICs, values for a-glucosidase (A), AGEs (B) and DPPH (C) (ns = not

significant, *p < 0.05).

and other oligomeric phenolics.”” Nevertheless, the individual
phenolic groups found in the extracts were flavonols, flavan-3-ol,
anthocyanins, dihydrochalcones and cinnamic acids, which are
similar to the results of other previous studies on apple peels."®
Among all samples, the autochthonous sample of Amarilla
de Octubre was the singular sample with the highest amount
of TPC, contrasted by the Folin-Ciocalteu assay and with the

This journal is © The Royal Society of Chemistry 2025

identification of the major individual phenolic compounds by
HPLC-MS. These results align with the best antidiabetic and
antioxidant activities in all bioassays, showing no significant
difference with all the reference substances, apart from the
lipase and a-amylase assays.

In the other apple peel extracts, no significant differences
were found in the TPC using the Folin—Ciocalteu assay, which
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indicates a low variability in the total polyphenols between
different apple peel varieties. These results are in contrast with
the previous studies of the TPC using the Folin-Ciocalteu
assay in the apple pulp from commercial and autochthonous
varieties where a significant difference was found in the TPC
between them.?* Nevertheless, the ratio of the 37 individual
phenolic compounds analysed by HPLC-MS showed a certain
variability in the phenolic groups between the samples.

The autochthonous samples of Amarilla de Octubre fol-
lowed by Manzana Helada showed the highest amount of
flavonols and anthocyanins among all the autochthonous
samples, combined with greater amounts of flavan-3-ols or
dihydrochalcones compounds, respectively, compared to the
commercial samples. These findings agree with the lowest ICs,
value in the inhibition of a-glucosidase, formation of AGEs
and DPPH radical scavenging, among all extracts. Both extracts
showed similar results to acarbose and aminoguanidine in the
antidiabetic assays, but only Amarilla de Octubre exhibited a
similar activity to gallic acid in the inhibition of DPPH and
was able to inhibit the a-amylase enzyme. The commercial
sample of Verde Doncella showed great results as well in the
antidiabetic and antioxidant bioassays with similar activity to
acarbose in the inhibition of a-glucosidase, and it is attribu-
table to the high amounts of flavonols and anthocyanins,
along with a significant amount of flavan-3-ols compared to
the other commercial samples. Nevertheless, none of the
extracts were able to achieve the inhibition of lipase, and none
of the extracts apart from Amarilla de Octubre inhibited the
a-amylase enzyme.

Correlations for the TPC using the Folin—-Ciocalteu assay
and the o-glucosidase or advanced glycation end-product
assays were not found, which could mean that other phyto-
chemicals might be acting as bioactive compounds in these
types of properties. Previous studies suggest that triterpenes
found in apples, such as oleanolic and ursolic acids, may act
as a-glucosidase inhibitors.?®*° Therefore, the ratio of the indi-
vidual phenolic compounds and their synergism can not only
influence the antidiabetic activity, but also the antioxidant
activity.>® Some of these individual phenolic compounds
found in high quantities in the samples were glycosylated fla-
vonoids (hyperoside, delphinidin 3,5-diglucoside, and phlori-
zin), which modify the inhibitory activity of the a-amylase and
a-glucosidase enzymes depending on the conjugation site and
the type of sugar.*’ In addition, the glycosylated chemical
structure produces higher water solubility with higher bio-
availability, which is a common issue of the phenolic
compounds.*?

5. Conclusion

Six apple peel samples from local and commercial cultivars
were explored in terms of phytochemicals and can be con-
sidered a rich source of phenolic compounds (particularly fla-
vonols, anthocyanins, flavan-3-ols, dihydrochalcones, and cin-
namic acids). The samples showed antidiabetic and anti-

2956 | Food Funct, 2025, 16, 2947-2958
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oxidant properties without altering the cell viability at physio-
logical concentrations. These bioassays indicated that the
autochthonous local cultivar known as Amarilla de Octubre
showed the highest phenolic content and the lowest IC5, value
in the bioassays, suggesting its potential use for the develop-
ment of nutraceuticals or pharmaceutical products for the pre-
vention or treatment of type-2 diabetes complications as well
as for the extraction of certain phytochemicals. The most
representative individual phenolic compounds found in the
apple peel samples are glycosylated flavonols such as hypero-
side and isoquercitrin, flavan-3-ols such as procyanidin B2
and epicatechin, or anthocyanins such as delphinidin 3,5-
diglucoside.
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