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Abstract: Sacha inchi (Plukenetia volubilis L.) has been adopted as a novel economic crop with well-
studied nutritional and bioactive benefits for human health. Sacha inchi seeds and oil have high
commercial value but scant research has focused on its leaves. This study investigated and compared
phenolic compositions, antioxidant potentials and in vitro health-related properties of both young
and mature sacha inchi leaves after freeze-drying and oven-drying processes. Results showed that
p-coumaric acid, 4-hydroxybenzoic acid, ferulic acid and gallic acid were predominantly detected
in both young and mature leaves that also exhibited similar total phenolic contents (TPCs), while
higher TPCs were detected in freeze-dried than in oven-dried leaves. Mature leaves exhibited higher
antioxidant potential than young leaves after freeze-drying, while the opposite results were observed
for oven-drying. Overall in vitro health-related activities were higher in mature leaves compared to
young leaves regardless of the drying process. Knowledge gained from this study can be used to
encourage prospective utilization of sacha inchi leaves as a source of health-promoting compounds.
This, in turn, will increase the commercial value of the leaves and provide a wider market variety of
sacha inchi products.

Keywords: Plukenetia volubilis L.; tea; young leaves; old leaves; antioxidant activity; enzyme inhibi-
tion; glycation; non-communicable diseases

1. Introduction

Sacha inchi (Plukenetia volubilis L.), also known as Inca peanut, sacha peanut or moun-
tain peanut is native to the Peruvian Amazon. It has long been a staple crop in the diets of
Latin American populations, and also a herbal remedy used widely by indigenous locals
in Peru [1,2]. Traditionally, seeds of sacha inchi are consumed roasted, milled to flour, or
pressed to obtain a cooking oil that can also be employed in the treatment of muscular pain
and rheumatic disease [1]. Young leaves are primarily eaten raw in salads, or dried and
used to brew tea [1,3]. Sacha inchi has attracted considerable attention in recent years as
a novel economic crop with great potential for food, pharmaceutical, and nutraceutical
applications [2,4]. Consequently, the plant has now spread from the Amazon to other global
regions such as China, Thailand and Vietnam [5]. The growing interest in sacha inchi is due
to its competitive agronomic properties, as well as the excellent nutritional and bioactive
compositions that benefit human health [1,5].

Sacha inchi contains several types of valuable biomolecules whose presence is dis-
tributed across the edible parts of the plant. The seeds are rich in lipids (35–60%, compris-
ing mainly polyunsaturated fatty acids) and protein (27–33%, including essential amino
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acids) [6,7]. Seed oil is known to contain several phytochemicals, e.g., tocopherols, phytos-
terols, carotenoids and polyphenols [2,3,6]. Husks and shells are nutrient-rich, especially
the fiber and composed of health-promoting phenolics [8]. These sacha inchi parts have
been previously reported to possess suppressive effects on some non-communicable dis-
eases (NCDs) such as glycation reaction, hyperpigmentation and oxidative stress-related
disorders [1,5,8,9]. Extensive research has been conducted on different plant parts of sacha
inchi but few studies have focused on the leaves. Fresh leaves (unknown maturity stage) of
sacha inchi contain terpenoids, saponins, phenolics, and other substances responsible for
antioxidative and antiproliferative effects [10]. Antioxidant activities of leaves (unknown
maturity stage) that underwent air drying were observed in vitro [11]. Roasting at 60 ◦C
increased the antioxidant potential of sacha inchi leaves (unknown maturity stage), com-
pared to fresh and air-dried leaves [12]. Moreover, an in vivo study found that hot-water
extracted leaves (unknown maturity stage) improved glycemic control and gut microbiota
composition in mice, with possible potential as a functional drink [13]. However, how leaf
maturity impacts the health-related properties of sacha inchi has not been reported.

This study investigated and compared phenolic compositions, antioxidant, anti-
glycation and enzyme inhibitory activities of young and mature sacha inchi leaves. The
leaves were dried with and without thermal application to observe the impact of the drying
processes. Hot-water extraction of the dried leaves was conducted as infusions. Enzyme
inhibitory assays were performed using the key enzymes involved in type II diabetes,
obesity and Alzheimer’s disease (AD). To the best of our knowledge, this is the first study
demonstrating the effects of leaf maturity and the drying process on the phenolic profiles
and bioactivities of sacha inchi leaves. Knowledge gained from this study can support
further research on the health benefits of sacha inchi leaves using cell culture models or
in vivo investigations, thus opening up the feasibility of leaf applications as a resource for
biologically active compounds. Our results can be used to expand the industrial applica-
tions of this plant as a functional ingredient to develop healthy food products and dietary
supplements following toxicological evaluation, thereby increasing the commercial value
of sacha inchi leaves and also providing a wider market variety of sacha inchi products.

2. Results
2.1. Phenolic Compositions

Results obtained from high-performance liquid chromatography (HPLC) suggested
that young and mature leaves of sacha inchi shared the same phenolic profile consisting of
11 phenolics, including three flavonoids (kaempferol, apigenin and isorhamnetin), and eight
phenolic acids (gallic acid, vanillic acid, 4-hydroxybenzoic acid, caffeic acid, p-coumaric
acid, syringic acid, sinapic acid and ferulic acid) (Table 1 and Figure S1). Among the
flavonoids, kaempferol was abundantly detected at 7.1- to 9.9-fold higher than the others.
p-Coumaric acid, ferulic acid, 4-hydroxybenzoic acid and gallic acid were the predominant
phenolic acids (up to 59.4-, 57.3-, 50.0- and 28.6-fold, respectively, higher than the other
phenolic acids) detected in both young and mature leaves. All samples contained only
minute amounts of apigenin, isorhamnetin, vanillic acid and syringic acid at less than
6 mg/100 g dry weight (DW).

Comparing the drying processes of sacha inchi leaves at the same maturity stage,
freeze-dried young leaves exhibited 1.2–2.3-fold higher flavonoids and 1.1–3.2-fold higher
phenolic acids than oven-dried young leaves, with the exception of syringic acid and
ferulic acid, which exhibited insignificant amounts. Likewise, freeze-dried mature leaves
exhibited 1.2–2.6-fold higher flavonoids and 1.1–2.9-fold higher phenolic acids than oven-
dried mature leaves, with the exception of gallic acid.

Comparing the maturity stages of sacha inchi leaves prepared under the same drying
process, freeze-dried young leaves exhibited 2-fold higher gallic acid content and 1.5-fold
higher 4-hydroxybenzoic acid than their corresponding mature leaves. However, the latter
exhibited 1.8-fold higher isorhamnetin content than the former, while other phenolics were
within 20% between the maturity stages. Young samples of oven-dried leaves exhibited
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1.6-fold higher isorhamnetin, gallic acid and sinapic acid contents than mature leaves, and
the latter exhibited 1.7-fold higher apigenin content than the former. Other phenolics were
within 25% between the maturity stages. Overall, young leaves exhibited predominantly
4-hydroxybenzoic acid, ferulic acid, p-coumaric acid and gallic acid (accounting for >12%
of the total detected phenolics), while mature leaves possessed major phenolics as 4-
hydroxybenzoic acid, ferulic acid and p-coumaric acid (accounting for >15% of the total
detected phenolics).

Table 1. Phenolic compositions and total phenolic contents (TPCs) in young and mature sacha inchi
leaves dried using freeze-drying and oven-drying processes.

Phenolics
(mg/100 g DW)

Sacha Inchi Leaves

Young Mature

Freeze-Dried Oven-Dried Freeze-Dried Oven-Dried

Flavonoids
Kaempferol 10.76 ± 0.13 e,†,* 8.50 ± 0.18 f, § 9.52 ± 0.15 f,* 7.62 ± 0.06 e

Apigenin 5.68 ± 0.16 f,* 2.47 ± 0.06 g, § 5.82 ± 0.12 g,* 4.27 ± 0.16 f

Isorhamnetin 1.52 ± 0.13 f,†,* 1.22 ± 0.15 g, § 2.80 ± 0.07 h,i,* 0.77 ± 0.04 g

Phenolic acids
Gallic acid 43.25 ± 1.85 c,†,* 32.91 ± 0.66 c,§ 21.48 ± 0.55 c 20.21 ± 1.23 d

4-Hydroxybenzoic acid 75.43 ± 3.63 b,†,* 53.42 ± 2.53 b,§ 49.09 ± 1.39 b,* 43.34 ± 1.55 b

Vanillic acid 4.17 ± 0.15 f,†,* 3.67 ± 0.09 g,§ 4.72 ± 0.21 g,h,* 4.16 ± 0.19 f

Caffeic acid 15.74 ± 0.41 d,†,* 9.98 ± 0.40 f,§ 19.10 ± 0.41 d,* 7.48 ± 0.19 e

Syringic acid 1.51 ± 0.26 f,† 1.51 ± 0.20 g 1.79 ± 0.04 I,* 1.46 ± 0.08 g

p-Coumaric acid 89.71 ± 4.06 a,* 28.34 ± 1.46 d 89.15 ± 1.47 a,* 31.28 ± 0.57 c

Ferulic acid 73.10 ± 1.46 b,† 71.79 ± 5.26 a,§ 90.96 ± 2.37 a,* 83.66 ± 1.96 a

Sinapic acid 17.58 ± 0.66 d,†,* 14.39 ± 0.55 e,§ 14.18 ± 0.06 e,* 8.82 ± 0.18 e

TPCs (mg GAE/g DW) 20.74 ± 0.30 †,* 12.82 ± 0.23 § 21.37 ± 0.24 * 13.10 ± 0.11

All data are shown as mean ± standard deviation (SD) of triplicate experiments (n = 3). DW: dry weight; GAE:
gallic acid equivalent; lowercase letters indicate significantly different contents of different phenolics in the same
sample at p < 0.05 using one-way analysis of variance (ANOVA) and Duncan’s multiple comparison test; † and §

show significantly different contents of the same phenolic in freeze-dried and oven-dried leaves, respectively,
harvested at different maturity stages at p < 0.05 using unpaired t-test; * indicates significantly different contents
of the same phenolic in freeze-dried and oven-dried leaves harvested at the same maturity stage at p < 0.05 using
unpaired t-test.

Results obtained from the Folin–Ciocalteu assay indicated that freeze-dried samples
exhibited 1.6-fold higher total phenolic content (TPC) than their corresponding oven-dried
samples. This result was observed in both young and mature leaves. However, mature
leaves exhibited slightly higher TPCs than their corresponding young leaves under the
same drying process.

2.2. Antioxidant Activities

The in vitro abilities to resist oxidation were investigated by 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging, ferric ion reducing antioxidant power (FRAP) and oxygen radi-
cal absorbance capacity (ORAC) assays (Table 2). The DPPH radical scavenging activities of
infusions prepared from all dried leaves were comparable; however, the extract of oven-dried
young leaves possessed significantly higher DPPH radical-scavenging activity compared
to its freeze-dried counterpart. Radical-scavenging activities ranged from 0.049–0.051 µmol
Trolox equivalent (TE)/g DW, with the extract of oven-dried mature leaves exhibiting
the highest activity. A different trend was observed in the FRAP and ORAC assays, in
which the infusion from oven-dried young leaves exhibited 1.1–1.2-fold higher antioxidant
activities than the corresponding freeze-dried leaves at the same maturity stages. Opposite
results were observed for the infusions from mature leaves. Insignificantly different FRAP
activities were observed between the infusions prepared from mature leaves after the
freeze-drying and oven-drying processes but ORAC activity in freeze-dried leaves was
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1.1-fold higher than in oven-dried leaves. Comparing maturity stages, the infusions of
mature leaves prepared by freeze-drying exhibited 1.1–1.2-fold higher FRAP and ORAC
activities than the corresponding young leaves. By contrast, infusions of young leaves
prepared by oven-drying exhibited up to 1.1-fold higher antioxidant activities than the
corresponding mature leaves.

Table 2. Antioxidant activities of aqueous extracts of young and mature sacha inchi leaves dried
using freeze-drying and oven-drying processes.

Antioxidant Activities
(µmol TE/g DW)

Sacha Inchi Leaves

Young Mature

Freeze-Dried Oven-Dried Freeze-Dried Oven-Dried

DPPH radical
scavenging

activity
0.049 ± 0.001 * 0.050 ± 0.001 0.049 ± 0.001 0.051 ± 0.002

FRAP activity 43.04 ± 3.51 †,* 48.26 ± 2.21 § 46.61 ± 3.87 45.70 ± 2.73
ORAC activity 131.58 ± 10.48 †,* 163.93 ± 15.20 § 162.20 ± 11.46 * 144.23 ± 17.34

All data are shown as mean± standard deviation (SD) of triplicate experiments (n = 3). DW: dry weight; TE: Trolox
equivalent; DPPH: 2,2–diphenyl–1–picrylhydrazyl; FRA: ferric ion reducing antioxidant power; ORAC: oxygen
radical absorbance capacity; † and § show significantly different activities determined by the same antioxidant
assay of freeze-dried and oven-dried leaves, respectively, at different maturity stages at p < 0.05 using unpaired
t-test; * indicates significantly different activities determined by the same antioxidant assay between freeze-dried
and oven-dried leaves of the same maturity stage at p < 0.05 using unpaired t-test.

2.3. Enzyme Inhibitory Activities

The in vitro bioactivities of young and mature leaf infusions prepared from the freeze-
dried and oven-dried processes were further investigated regarding inhibitions of the key
enzymes relevant to some NCDs. These key enzymes can control the occurrence of type II
diabetes (α-amylase and α-glucosidase), obesity (lipase) and AD (acetylcholinesterase
(AChE), butyrylcholinesterase (BChE) and β-secretase (BACE-1)) (Table 3). The non-
enzymatic glycation reaction was also examined as an anti-aging property of sacha inchi
leaf infusions (Table 3).

Table 3. Enzyme inhibitory activities and anti-glycation activities of aqueous extracts prepared from
dried leaves of sacha inchi.

Inhibitory Activities
(% Inhibition)

Leaves of Sacha Inchi

Young Mature

Freeze-Dried Oven-Dried Freeze-Dried Oven-Dried
1 α-Amylase 37.13 ± 2.38 * 41.62 ± 3.74 39.68 ± 3.58 39.61 ± 2.21

1 α-Glucosidase 9.93 ± 0.94 †,* 8.11 ± 0.65 § 11.81 ± 1.19 * 9.96 ± 0.68
2 Lipase 9.49 ± 0.93 9.79 ± 0.79 9.43 ± 1.23 9.80 ± 1.14
2 AChE 4.15 ± 0.47 * 10.93 ± 1.21 § 4.27 ± 0.69 * 14.64 ± 1.11
2 BChE 24.13 ± 1.97 †,* 20.88 ± 1.27 § 30.09 ± 1.62 * 25.36 ± 1.13

2 BACE-1 ND ND ND ND
1 Glucose-induced

glycation 78.30 ± 2.25 †,* 82.12 ± 2.76 § 83.98 ± 0.32 * 92.98 ± 2.40

1 MG-induced
glycation 81.35 ± 0.54 †,* 84.22 ± 0.23f § 84.11 ± 1.97 * 90.51 ± 1.85

All data are shown as mean± standard deviation (SD) of triplicate experiments (n = 3). AChE: acetylcholinesterase;
BChE: butyrylcholinesterase; BACE-1: β-secretase; MG: methylglyoxal; ND: not detected; † and § show signif-
icantly different inhibitory activities determined by the same assay of freeze-dried and oven-dried extracted
leaves at different maturity stages, respectively, at p < 0.05 using unpaired t-test.; * indicates significantly different
inhibitory activities determined by the same assay between freeze-dried and oven-dried extracted leaves of
the same maturity stage at p < 0.05 using unpaired t-test.; a positive control of each assay was performed on
the reaction using the enzyme without the extract; 1 final concentration of the extracts was 2.5 mg/mL; 2 final
concentration of the extracts was 2.0 mg/mL.
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Inhibition of α-amylase and α-glucosidase can retard carbohydrate degradation, slow
down the release of sugar, and consequently lead to reduced glucose absorption and low
serum sugar levels [14]. The inhibitory activities against α-amylase shown by all leaf
infusions were 37.13–41.62% using an extract concentration of 2.5 mg/mL. Considering
these inhibitory activities, the half-maximal inhibitory concentration (IC50) was determined
to be >2.5 mg/mL. Results also suggested that infusions of oven-dried young leaves
demonstrated a significantly higher α-amylase inhibition (~1.1-fold) than their freeze-dried
counterparts, while insignificantly different inhibitions were observed in mature leaves
prepared by the different drying processes. Regardless of maturity stage, no significant
differences in α-amylase inhibition were observed in leaf infusions prepared by both drying
processes. For α-glucosidase inhibition, inhibitory activities of all leaf infusions ranged
8.11–11.81% inhibition using concentrations of 2.5 mg/mL. Due to low inhibitory activities,
the IC50 of the extracts on this enzyme was determined to be >2.5 mg/mL. Infusions of
freeze-dried leaves exhibited significantly higher (~1.2-fold) α-glucosidase inhibition than
oven-dried samples regardless of maturity stage, while infusions of mature leaves exhibited
1.2-fold higher α-glucosidase inhibitory activities than young leaves prepared under the
same drying process.

Inhibition of the lipid-degrading enzyme lipase can suppress obesity by lowering
fat absorption [15]. Results indicated that all leaf infusions retarded lipase activity by
9.43–9.80% using extract concentration of 2.0 mg/mL regardless of maturity stage and
drying process. The IC50 of the extracts on this enzyme was, thus, >2.0 mg/mL.

Inhibition of the two cholinesterases (AChE and BChE) and BACE-1 can be drug-
targeted to prevent and ameliorate AD [16]. Cholinesterases can hydrolyze acetylcholine,
the neurotransmitter synthesized and used by cholinergic neurons. The depletion of acetyl-
choline results in attention and memory deficits, eventually leading to AD distribution.
Likewise, BACE-1 is involved in the cleavage of amyloid precursor protein (APP) to gener-
ate β-amyloid peptides, resulting in the accumulation of amyloid plaques, the pathological
hallmark of AD that accumulate in the brain. Results suggested that all leaf infusions
exhibited AChE and BChE inhibitions ranging between 4.15–14.64% and 20.88–30.09%, re-
spectively, using leaf infusion concentration of 2.0 mg/mL. The IC50 of the extracts on these
enzymes was considered as >2.0 mg/mL. For AChE inhibition, leaf infusions prepared by
oven-drying exhibited 2.6–3.4-fold higher inhibitory activities than by freeze-drying re-
gardless of maturity stages. By contrast, leaf infusions prepared by freeze-drying exhibited
1.2-fold higher BChE inhibition than by oven-drying. No significant difference in AChE
inhibition was observed between infusions of young and mature leaves prepared by the
freeze-drying process; however, infusions of oven-dried mature leaves exhibited 1.3-fold
higher inhibition than young leaves prepared under the same drying process. The opposite
results were observed for BChE inhibition, in which infusions of mature leaves exhibited
1.2-fold higher inhibitory activities than young leaves regardless of the drying process.
However, BACE-1 inhibitory activity was not detected in all leaf infusions at concentrations
of 2 mg/mL.

In vitro inhibitions of non-enzymatic glycations by sacha inchi leaf infusions ranged
between 78.3–92.98% and 81.35–90.51% induced by glucose and methylglyoxal (MG),
respectively, using a concentration of 2.5 mg/mL. Thus, the IC50 of the extracts was
considered as <2.5 mg/mL. Comparing the drying processes, infusions of oven-dried leaf
extracts exhibited up to 1.1-fold higher inhibitory activities against D-glucose- or MG-
induced glycation than leaf extracts from the freeze-dried process regardless of maturity
stage. Likewise, when considering leaf maturity, the inhibitory activities against D-glucose-
or MG-induced glycation were significantly higher (up to 1.1-fold) in infusions of mature
leaves compared with young leaves.

3. Discussion

Sacha inchi products are becoming increasingly popular in the global market. Products
from seeds and oil, such as roasted and seasoned seeds, seed protein powder, gourmet oil
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and encapsulated oil supplements are now industrialized [1]. Interestingly, young leaves
are only sold locally in dried form as herbal tea, while the utilization and commercialization
of mature leaves have not been documented. Previous studies suggested that sacha inchi
leaves might be a good source of bioactive compounds [10], while dried leaves exhibited
antioxidant potential in vitro [11,12]. Nevertheless, the available information is limited, and
the effects of leaf maturity on the health-related properties of sacha inchi leaves have not
been reported. Here, we investigated and compared the phenolic compositions, antioxidant
activities and enzyme inhibitory activities of young and mature sacha inchi leaves that
underwent two drying processes as freeze-drying at −50 ◦C, 0.086 mbar for 72 h, and oven-
drying at 60 ◦C for 5 h. Research on the changes in bioactivities due to leaf maturation and
processing can lead to future food and pharmaceutical applications via proper harvesting
and handling of the leaves. Fresh leaves of sacha inchi were excluded as their analysis was
beyond the scope of this study.

Previous reports have investigated the presence of phenolics in sacha inchi leaves [10,12]
but phenolic profiles of the leaves have not been characterized. In this study, eleven
phenolics in young and mature sacha inchi leaves that underwent drying were identified
by HPLC analysis as kaempferol, apigenin, isorhamnetin, gallic acid, 4-hydroxybenzoic
acid, caffeic acid, vanillic acid, syringic acid, ferulic acid, p-coumaric acid and sinapic
acid. All these phenolics, except apigenin, were previously observed in shells and husks
discarded during the production of sacha inchi oil [8]. Our results revealed that both
leaf maturation and drying processes had a profound effect on the amounts of individual
phenolics detected in sacha inchi leaves. The detected phenolics were higher in freeze-
dried leaves than in oven-dried leaves. Our findings concurred with a previous study
indicating that different phenolics possess distinct thermal stability [17]. Freeze-drying
was previously reported as an effective drying process in terms of preserving thermolabile
compounds in tea leaves, yielding a dried product with higher retention of phenolics
compared with thermal drying processes [17]. However, even though TPCs of young and
mature leaves dried under the same condition were similar in our study, both leaf types
exhibited different predominant phenolics. Our findings were supported by previous
studies. Nadeem and Zeb (2018) [18] observed significant changes in the amounts of
phenolics during the maturation of fig leaves although the phenolic profiles detected
in the leaves remained unchanged. Some studies reported variations in quantitative
changes among plant phenolics over the maturation period. For instance, levels of gallic
acid, 4-hydroxybenzoic acid and sinapic acid decreased with maturation, while levels
of p-coumaric acid and syringic acid increased with maturation [18,19]. We found that
p-coumaric acid, 4-hydroxybenzoic acid, ferulic acid and gallic acid were predominantly
detected in young leaves regardless of the drying process. Similar results were observed in
mature leaves, with the exception of gallic acid.

TPCs in sacha inchi leaves dried using the freeze-drying process were remarkably
higher than those dried using the oven-drying process, regardless of leaf maturity. Similar
results were reported by Sirichai et al. (2022) [20]. They investigated the effect of drying
processes on phenolics in 10 different plants and found that TPCs in freeze-dried plants were
1.0–3.4 times higher than TPCs in oven-dried plants. Moreover, it has been demonstrated in
the literature that the freeze-drying process could effectively preserve phenolics in plants,
while TPCs in plant products obtained from freeze-drying process were close to those of
the fresh materials [17]. TPCs in our freeze-dried leaf samples were comparable to those in
fresh leaves of sacha inchi (~21 mg GAE/g DW) [12], and also far greater than previously
reported TPCs in other parts of the plant [2,8]. These findings suggested that the freeze-
drying technique could be adopted for retaining phenolic compounds with bioactivities
from fresh sacha inchi leaves for further use. The highest TPC value obtained from
freeze-dried mature sacha inchi leaves (~21 mg GAE/g DW) was low compared to leaves
with notably high TPCs such as peppermint and tea leaves (approximately 94–202 [21]
and 77–178 [17] mg GAE/g DW, respectively). Higher levels of phenolics released from
plant cells were achieved by optimizing the extraction parameters, particularly solvent,
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temperature and time [8]. Research suggested that an increase in maturity resulted in
higher TPC in sacha inchi leaves, as demonstrated by Mokhtar et al. (2021) [19]. A decline
in TPC on leaf maturation was also evident in the literature [18]. This discrepancy might be
due to differences in phenolic profiles and in the ability to accumulate individual phenolics
across plant species.

Preservation methods, including drying, can alter the natural antioxidant capacity of
plant-based food products; hence, the impact of such processes should be considered for
the accurate evaluation of product health benefits. Phenolics are well recognized as the
major contributor to the antioxidant activities of plants. A strong correlation between TPCs
and antioxidant activities was reported in our previous research [20], which did not fully
concur with the results from this study, suggesting that TPCs and antioxidant activities of
sacha inchi leaves did not follow the same trend. Apart from phenolics, existing evidence
demonstrated the presence of powerful non-phenolic antioxidants such as terpenoids,
saponins and polysaccharides in sacha inchi leaves [10–12] as a possible explanation for the
discrepancy between our study results and previous findings. Contrary to the findings from
TPC determination, thermal drying using an oven had a positive effect on the antioxidant
activities of young sacha inchi leaves as determined by DPPH radical-scavenging, ORAC
and FRAP assays. The resulting data were clarified by the formation of non-phenolic
antioxidants and/or stable intermediate products of carbohydrate caramelization and/or
the Maillard reaction [22,23], when the studied oven-drying process (60 ◦C for 24 h) was
applied to young leaves. Interestingly, the ORAC values indicated that the antioxidant
potential of mature leaves was significantly higher with freeze-drying than with oven-
drying, possibly due to differences in physicochemical properties (e.g., stomatal sensitivity
and density, leaf surface area and polyphenol oxidase activity) [24,25], and the phenolic
composition between young and mature leaves as aforementioned. Nevertheless, FRAP
and ORAC values of freeze-dried leaves indicated that mature leaves exhibited higher
antioxidant activities than young leaves, related to the results of TPCs. Our findings
suggested that antioxidants in mature leaves were more susceptible to thermal processing
than those in young leaves. However, different thermal treatments might produce diverse
results [20] making this presumption valid for this study only. When extracted with water,
ORAC values ranged from ~132 to ~164 µmol TE/g and showed comparable antioxidant
potential to some common medicinal plants such as chicory, nettle, birch and laurel leaves
(ORAC values of 132, 141, 142 and 170 µmol TE/g, respectively) [21].

The anti-glycation capacity of plant materials is often related to their phenolic compo-
sitions and antioxidant activities. A literature review on the inhibitory effect of phenolics
on advanced glycation end products (AGEs) [26] suggested that phenolics detected in
sacha inchi leaves inhibited glycation reactions with varying degrees of inhibitions and
mechanisms. Phenolics usually retard the early stage of glycation but some (e.g., chloro-
genic acid, sinapic acid, ferulic acid, vanillic acid and syringic acid) inhibit AGE formation
in the advanced phase of glycation and also the subsequent crosslinking of proteins [27].
In addition to phenolics, certain non-phenolic compounds previously detected in sacha
inchi leaves such as terpenoids and polysaccharides are capable of suppressing glycation
reactions [28]. Our results suggested that infusions of young and mature leaves strongly
inhibited D-glucose- and MG-mediated glycation reactions (>78% inhibition using extract
concentration of 2.5 mg/mL), suggesting that these extracts mitigated cell deterioration
and other complications associated with non-enzymatic glycation. Moreover, we also
found that the anti-glycation properties of the extracts were positively influenced by the
oven-drying process. Despite limited information on the effects of thermal processing
on anti-glycation activity, a recent study on Chilean currant phenolics demonstrated that
phenolic compounds under thermal treatment acted as anti-glycation agents [29]. The
study also described the mechanisms of the thermal treatment that led to a decrease in
AGE levels and lowering of electrophiles generated by a gastric digestion model [29].

Control of the key enzymes ameliorating the incidence of NCDs has attracted increasing
attention in recent years due to the specific characterization of enzyme-substrate interactions.
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In this research, in vitro inhibitions of the enzymes relevant to some NCDs utilizing infusions
of sacha inchi leaves were investigated and reported. Despite relatively poor inhibitions,
the leaf infusions exhibited inhibitory activities against all the enzymes examined, with the
exception of BACE-1. The low enzyme inhibitory activities observed possibly resulted from
the thermal degradation of enzyme inhibitors during infusion and low concentrations of the
leaf infusions in the reaction mixtures (final concentrations of 2.0–2.5 mg/mL). Therefore,
we speculated that optimization of extraction conditions and/or increase in extract con-
centration would confer superior inhibitory activities. The inhibitory activities of sacha
inchi leaf infusions were attributed to their phenolic contents since many plant pheno-
lics act as enzyme inhibitors. Kaempferol, the most abundant flavonoid detected in the
samples, exhibited strong inhibitory activities against AChE and BChE, as indicated by
its IC50 of 92.8 and 71.0 µM, respectively [30]. This flavonoid also inhibited α-amylase,
α-glucosidase [31] and lipase [32]. Likewise, p-coumaric acid and ferulic acid, the pre-
dominant phenolic acids in our samples, were previously reported to be inhibitors for
carbohydrate- and lipid-hydrolyzing enzymes (IC50 for α-amylase of >30 and 9.5 mM,
respectively, IC50 for α-glucosidase of >30 and 4.9 mM, respectively [33], and IC50 for lipase
of 170.2 and 123.9 µM, respectively [34]). Furthermore, p-coumaric acid and ferulic acid
retarded the activities of cholinesterases, and their inhibitions against BChE were much
higher than their inhibitions against AChE [35]. Other phenolics detected in this study such
as gallic acid, 4-hydroxybenzoic acid, caffeic acid and sinapic acid possessed inhibitory
properties against the tested enzymes [35–37]. BACE-1 inhibitors (e.g., p-coumaric acid and
gallic acid [38]) were present in all the samples but no BACE-1 inhibitory activities were
observed because concentrations of these compounds in the leaf infusions were insufficient
to produce the BACE-1 inhibitory effect. Overall, our results suggested that mature leaf
infusions exhibited higher enzyme inhibitory activities compared to young leaves although
the difference was small. This finding concurred with observations for TPCs, as discussed
above. Interestingly, the drying processes employed in this study had minimal impacts
on the inhibitory potential of sacha inchi leaf infusions, concurring with Sirichai et al.
(2022) [20]. Several mechanisms were proposed to explain the inhibition of enzymes by
bioactive compounds from plant origin, highlighting the importance of phytochemical
compositions and the structural features of inhibitor candidates responsible for the ob-
served inhibitory effects [39]. When present in crude biological extracts, many enzyme
inhibitors can interact with metal ions and macromolecules such as polysaccharides and
proteins, thus modifying their inhibition efficacies [40,41]. Synergism and/or antagonism
among phenolics may occur and lead to remarkable changes in the resulting inhibitory
capacity [35]. The inhibition of disease-associated enzymes by plant extracts is usually
explained by the presence of phenolics but the inhibitory effects of non-phenolic substances
should also be taken into consideration for a better understanding of the inhibitory actions
of the extracts on enzymes.

4. Materials and Methods
4.1. Sample Collection, Preparation, and Extraction

Young and mature leaves of sacha inchi were obtained from Thai Rubber Land and
Plantation Co., Ltd., Muang district, Chiang Rai Province, Thailand with the physical
appearances as shown in Figure 1. According to Chumanee and Khoomsab (2020), the five
topmost leaves with a light green color are considered as young leaves, and the dark green
leaves appeared below the tenth leaves (counting from the top) are classified as mature
leaves [42]. Our study had somewhat followed this verification, in which young leaves
were selected from the 1st–5th leaves from the tip, while mature leaves were selected from
the 6th–15th leaves. The plant samples, including young and mature leaves, were cleaned
and separated into two groups. One was freeze-dried at −50 ◦C under a pressure of 0.086
mbar for 72 h using a Heto powerdry PL9000 freeze dryer from Heto Lab Equipment
(Allerod, Denmark). The other was dried in a 60 ◦C/12 kW/380 V hot air oven from
Kluay Num Thai (Bangkok, Thailand) for 5 h. The dry samples were ground into fine
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powder using a high-speed Cyclotec 1093 miller from Foss Tecator (Höganäs, Sweden). The
moisture contents of powdery samples were determined using a Halogen HE53 moisture
analyzer from Mettler–Toledo AG (Greifensee, Switzerland), and reported as percentage of
moisture content. The color was also analyzed using a ColorFlex EZ spectrophotometer
from Hunter Associates Laboratory (Reston, VA, USA), and expressed in terms of CIELAB
units (L*, a*, b*). The moisture contents and color values are shown in Table S1. All samples
were vacuum-packed in aluminum foil bags and stored at −20 ◦C until analysis.
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Sample extraction was performed as a tea infusion following Sirichai et al. (2022) [43].
The samples (1 g DW) were mixed with deionized water (100 mL), and incubated in a 95 ◦C
WNE45 water bath shaker from Memmert GmBh (Eagle, WI, USA) for 5 min. A supernatant
was collected after centrifugation at 3800× g for 10 min using a ROTINA 38R refrigerated
centrifuge fromAndreas Hettich GmbH (Tuttlingen, Germany), and subsequently filtered
through 0.45 µM polyethersulfone membranes. A tea infusion was kept at −20 ◦C until
further analysis.

4.2. Determination of Phenolic Profiles

Phenolic profiles of all samples were determined using HPLC analysis following
a well-established protocol of Temviriyanukul et al. (2020) with reliable validation as
previously reported [44]. Briefly, the powdery samples were hydrolyzed under acidic
methanol condition before loading into a 4.6 × 150 mm, 5 µm ZORBAX Eclipse XDB-C18
column attached to an HPLC system with photodiode array detection (Agilent Technologies,
Santa Clara, CA, USA). The HPLC conditions included a flow rate of 0.6 m/min and a
gradient solvent system as indicated in Table 4.
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Table 4. A gradient solvent system of high-performance liquid chromatography (HPLC).

Time (min) Solvent A (%) Solvent B (%) Solvent C (%)

0 90 6 4
5 85 9 6
30 71 17.4 11.6
60 0 85 15
61 90 6 4
66 90 6 4

Solvent A = Milli-Q water (18.2 MΩ.cm resistivity at 25 ◦C) containing 0.05% (v/v) trifluoroacetic acid (TFA);
solvent B = methanol containing 0.05% (v/v) TFA; solvent C = acetonitrile containing 0.05% (v/v) TFA.

The authentic standards of phenolics including hesperidin (>90.0% HPLC, T), api-
genin (>98.0% HPLC), quercetin (>98.0% HPLC, E), chlorogenic acid (>98.0% HPLC, T),
4-hydroxybenzoic acid (>99.0% GC, T), caffeic acid (>98.0% HPLC, T), ferulic acid (>98.0%
GC, T), luteolin (>98.0% HPLC), naringenin (>93.0% HPLC, T), p-coumaric acid (>98.0%
GC, T), kaempferol (>97.0% HPLC), myricetin (>97.0% HPLC), sinapic acid (>99.0% GC,
T), and syringic acid (>97.0% T) were purchased from Tokyo Chemical Industry (Tokyo,
Japan). Vanillic acid (≥97% HPLC) and gallic acid (97.5–102.5% T) were from Sigma-Aldrich
(St. Louis, MO, USA), and isorhamnetin (≥99.0% HPLC) was from Extrasynthese (Genay,
France). The detections at 338 nm and 368 nm were for identification of flavonoids, while
phenolic acids were identified at 280 nm and 325 nm. Due to similarity of HPLC patterns
between young and mature leaves (although possessing different quantities), only HPLC
chromatograms of young leaves prepared by freeze-dried and oven-dried processes were
shown in Figure S1.

TPCs were determined using Folin–Ciocalteu’s phenol reagent according to the previ-
ously reported protocol [45]. Reactions were monitored on a 96-well UV/visible microplate
reader (SynergyTM HT, BioTek Instruments, Inc., Winooski, VT, USA) with a Gen 5 data
analysis software at 765 nm. Gallic acid was used as a standard, and the results were
expressed as mg GAE/g DW.

4.3. Determination of Antioxidant Activities

Antioxidant activities were determined spectrophotometrically by DPPH radical scav-
enging, FRAP, and ORAC assays using the well-established protocols as previously de-
scribed by Sripum et al. (2017) [46] without any modifications. Trolox was used as a
standard. All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The antioxidant activity assays were performed on the SynergyTM HT 96-well
UV-visible microplate reader, and the results were expressed as µmol TE/g DW.

4.4. Determination of Inhibitory Activities

Inhibitory activities against the key enzymes related to diabetes (α-amylase and α-
glucosidase), obesity (lipase) and AD (AChE, BChE and BACE-1) using the well-established
protocols as previously described by Sirichai et al. (2022) [20] without any modifications.
Briefly, the enzyme reaction composed of enzyme, substrate, and indicator (if any) and
kinetically detected at particular wavelength as shown in Table 5.
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Table 5. The compositions and detecting wavelengths of enzyme reactions.

Enzyme Substrate Indicator Detected wavelength

≥10 unit/mg (type VII),
porcine pancreatic α-amylase p-nitrophenyl-α-D-maltopentaoside

405 nm
≥10 U/mg protein (type I),

Saccharomyces cerevisiae α-glucosidase p-nitrophenyl-α-D-glucopyranoside

≥700 unit/mg (type VII),
Candida rugosa lipase DNPDB

DTNB 412 nm
1000 units/mg,

Electrophorus electricus AChE acetylthiocholine

≥10 units/mg,
equine serum BChE butyrylthiocholine

DNPDB: 5–5′-dithiobis (2-nitrobenzoic-N-phenacyl-4,5-dimethyyhiazolium bromide; DTNB: 5,5′-dithiobis (2-
nitrobenzoic acid); AChE: acetylcholinesterase; BChE: butyrylcholinesterase.

The inhibitory activity of BACE-1 was determined using BACE-1 assay kit from
Sigma-Aldrich (St. Louis, MO, USA). The reaction was detected as end-pointed assay at
an excitation wavelength (λex) of 320 nm and an emission wavelength (λem) of 405 nm.
The glycation reactions were detected using BSA induced by either MG or D-glucose as
previously described [20]. The reaction was detected as end-pointed assay at λex 330 nm
and λem 410 nm. All chemicals and reagents were purchased from Sigma-Aldrich. The
inhibitory assays were performed on the SynergyTM HT 96-well UV-visible microplate
reader, and the results were calculated as percentage of inhibition at particular extract
concentrations using the following equation:

% Inhibition = (1 − (B − b)/(A − a)) × 100, (1)

where A is the initial velocity of the control reaction with enzyme, a is the initial velocity of
the control reaction without enzyme, B is the initial velocity of the enzymatic reaction with
the sample, and b is the initial velocity of the reaction with the sample but without enzyme.

4.5. Statistical Analysis

All experiments were conducted in triplicate (n = 3), and the results were presented
as mean ± standard deviation (SD). Unpaired t-test was used to compare significant
differences between values of two data sets. One-way analysis of variance (ANOVA)
followed by Duncan’s multiple comparison test was employed to compare significant
differences between values of more than two data sets. Values were considered significantly
different when p < 0.05. All data were analyzed using the statistical package for the social
sciences (version 18 for Windows, SPSS Inc., Chicago, IL, USA).

5. Conclusions

Products from seeds and oil of sacha inchi such as protein-rich seed powder and
omega-3-rich oil have been industrialized and permitted for use in the United States and
European countries as food ingredients, despite having no application of sacha inchi leaves
in the food-related industry. Our results revealed that sacha inchi leaves contain several
phenolics, which were quantitatively altered during the maturation and drying processes.
Leaves prepared as infusions possess potential health benefits, including lowering the
risk of oxidative stress-related disorders, inhibiting the key enzymes relevant to some
NCDs (diabetes, obesity and AD) and retarding the aging process. Both young and mature
leaves of sacha inchi showed promise as a source of bioactive compounds for health-related
applications. Hot-water extraction was selected for easy and convenient preparation. Infor-
mation obtained from this study will be useful for the future development of food/dietary
supplement products from sacha inchi plant material, and also increase the commercial
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value of sacha inchi leaves by providing a wider variety of products to consumers. Since
hot-water extraction as a tea infusion was chosen as a model for preparation of sacha inchi
leaf extracts in this study, our leaf infusions have great potential for commercialization
as a functional drink with further research in product development. Furthermore, sacha
inchi leaf extract may be concentrated and used as a complementary food supplement, thus
helping to enhance bioactivities of the food products. Other than tea and concentrated leaf
extract, whole leaves may be consumed raw in fresh-cut salads or added to cooked recipes.
However, further in vivo research is required to confirm our in vitro findings. The aspects
of effective dose, bioavailability and pharmacokinetics should also be considered.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11111515/s1, Table S1: Moisture contents and color values of
young and mature sacha inchi leaves dried using freeze-drying and oven-drying processes.; Figure
S1: Examples of HPLC chromatograms of the phenolics identified in young leaves underwent (A)
freeze-drying and (B) oven-drying processes.

Author Contributions: Conceptualization, C.H., P.S., S.S. and U.S.; methodology, U.S.; software,
S.K. and U.S.; validation, S.K. and U.S.; formal analysis, S.K.; investigation, S.K.; resources, U.S.;
data curation, S.K. and U.S.; writing—original draft preparation, S.K., C.H., P.S., S.S., Y.S. and U.S.;
writing—review and editing, S.K., Y.S. and U.S.; visualization, S.K. and U.S.; supervision, U.S.; project
administration, U.S.; funding acquisition, C.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Thai Rubber Land and Plantation Co., Ltd., Thailand.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within this article and supplementary materials.

Acknowledgments: The authors gratefully acknowledge the pictures of sacha inchi leaves provided
by the Mae Fah Luang Botanical Garden, Mae Fah Luang University, Thailand.

Conflicts of Interest: The authors declare no conflict of interest. The funder (Thai Rubber Land and
Plantation Co., Ltd.) had no role in the study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

References
1. Kodahl, N.; Sørensen, M. Sacha inchi (Plukenetia volubilis L.) is an underutilized crop with a great potential. Agronomy 2021, 11,

1066. [CrossRef]
2. Chirinos, R.; Zuloeta, G.; Pedreschi, R.; Mignolet, E.; Larondelle, Y.; Campos, D. Sacha inchi (Plukenetia volubilis): A seed source

of polyunsaturated fatty acids, tocopherols, phytosterols, phenolic compounds and antioxidant capacity. Food Chem. 2013, 141,
1732–1739. [CrossRef] [PubMed]

3. Fanali, C.; Dugo, L.; Cacciola, F.; Beccaria, M.; Grasso, S.; Dachà, M.; Dugo, P.; Mondello, L. Chemical characterization of sacha
inchi (Plukenetia volubilis L.) oil. J. Agric. Food Chem. 2011, 59, 13043–13049. [CrossRef] [PubMed]

4. Gutiérrez, L.F.; Rosada, L.M.; Jiménez, A. Chemical composition of Sacha Inchi (Plukenetia volubilis L.) seeds and characteristics of
their lipid fraction. Grasas y Aceites 2011, 62, 76–83. [CrossRef]

5. Cárdenas, D.M.; Gómez Rave, L.J.; Soto, J.A. Biological activity of sacha inchi (Plukenetia volubilis Linneo) and potential uses in
human health: A review. Food. Technol. Biotechnol. 2021, 59, 253–266. [CrossRef]

6. Hamaker, B.R.; Valles, C.; Gilman, R.; Hardmeier, R.M.; Clark, D.; Garcia, H.H.; Gonzales, A.E.; Kohlstad, I.; Castro, M.; Valdivia,
R.; et al. Amino acid and fatty acid profiles of the Inca peanut (Plukenetia volubilis L.). Cereal Chem. 1992, 69, 461–463.

7. Follegatti-Romero, L.A.; Piantino, C.R.; Grimaldi, R.; Cabral, A. Supercritical CO2 extraction of omega-3 rich oil from Sacha inchi
(Plukenetia volubilis L.) seeds. J. Supercrit. Fluids 2009, 49, 323–329. [CrossRef]

8. Kittibunchakul, S.; Hudthagosol, C.; Sanporkha, P.; Sapwarobol, S.; Temviriyanukul, P.; Suttisansanee, U. Evaluation of sacha inchi
(Plukenetia volubilis L.) by-products as valuable and sustainable sources of health benefits. Horticulturae 2022, 8, 344. [CrossRef]

9. Aruoma, O.I. Methodological considerations for characterizing potential antioxidant actions of bioactive components in plant
foods. Mutat. Res. 2003, 523–524, 9–20. [CrossRef]

10. Nascimento, A.K.L.; Silveira, R.F.M.; Santos, N.D.; Fernandes, J.M.; Zucolotto, S.M.; Rocha, H.A.O.; Scortecci, K.C. Antioxidant
and antiproliferative activities of leaf extracts from Plukenetia volubilis Linneo (Euphorbiaceae). Evid.-Based Complement. Altern.
Med. 2013, 2013, 950272. [CrossRef]

https://www.mdpi.com/article/10.3390/plants11111515/s1
https://www.mdpi.com/article/10.3390/plants11111515/s1
http://doi.org/10.3390/agronomy11061066
http://doi.org/10.1016/j.foodchem.2013.04.078
http://www.ncbi.nlm.nih.gov/pubmed/23870885
http://doi.org/10.1021/jf203184y
http://www.ncbi.nlm.nih.gov/pubmed/22053706
http://doi.org/10.3989/gya044510
http://doi.org/10.17113/ftb.59.03.21.6683
http://doi.org/10.1016/j.supflu.2009.03.010
http://doi.org/10.3390/horticulturae8040344
http://doi.org/10.1016/S0027-5107(02)00317-2
http://doi.org/10.1155/2013/950272


Plants 2022, 11, 1515 13 of 14

11. Kumar, B.; Smita, K.; Cumbal, L.; Debut, A. Synthesis of silver nanoparticles using Sacha inchi (Plukenetia volubilis L.) leaf extracts.
Saudi J. Biol. Sci. 2014, 21, 605–609. [CrossRef] [PubMed]

12. Wuttisin, N.; Nararatwanchai, T.; Sarikaphuti, A. Total phenolic, flavonoid, flavonol contents and antioxidant activity of Inca
peanut (Plukenetia volubilis L.) leaves extracts. Food Res. 2021, 5, 216–224. [CrossRef]

13. Lin, J.; Wen, J.; Xiao, N.; Cai, Y.T.; Xiao, J.; Dai, W.; Chen, J.P.; Zeng, K.W.; Liu, F.; Du, B.; et al. Anti-diabetic and gut microbiota
modulation effects of sacha inchi (Plukenetia volubilis L.) leaf extract in streptozotocin-induced type 1 diabetic mice. J. Sci. Food
Agric. 2022; in press.

14. Papoutsis, K.; Papoutsis, K.; Zhang, J.; Bowyer, M.C.; Brunton, N.; Gibney, E.R.; Lyng, J. Fruit, vegetables, and mushrooms for
the preparation of extracts with α-amylase and α-glucosidase inhibition properties: A review. Food Chem. 2021, 338, 128119.
[CrossRef]

15. Liu, T.T.; Liu, X.T.; Chen, Q.X.; Shi, Y. Lipase inhibitors for obesity: A Review. Biomed. Pharmacother. 2020, 128, 110314. [CrossRef]
[PubMed]

16. Moussa, C.E. Beta-secretase inhibitors in phase I and phase II clinical trials for Alzheimer’s disease. Expert Opin. Investig. Drugs
2017, 26, 1131–1136. [CrossRef] [PubMed]

17. Roslan, A.S.; Ismail, A.; Ando, Y.; Azlan, A. Effect of drying methods and parameters on the antioxidant properties of tea (Camellia
sinensis) leaves. J. Food Prod. Process. Nutr. 2020, 8, 8. [CrossRef]

18. Nadeem, M.; Zeb, A. Impact of maturity on phenolic composition and antioxidant activity of medicinally important leaves of
Ficus carica L. Physiol. Mol. Biol. Plants 2018, 24, 881–887. [CrossRef]

19. Mokhtar, M.; Bouamar, S.; Di Lorenzo, A.; Temporini, C.; Daglia, M.; Riazi, A. The influence of ripeness on the phenolic content,
antioxidant and antimicrobial activities of pumpkins (Cucurbita moschata Duchesne). Molecules 2021, 26, 3623. [CrossRef]

20. Sirichai, P.; Kittibunchakul, S.; Thangsiri, S.; On-Nom, N.; Chupeerach, C.; Temviriyanukul, P.; Inthachat, W.; Nuchuchua, O.;
Aursalung, A.; Sahasakul, Y.; et al. Impact of drying processes on phenolics and in vitro health-related activities of indigenous
plants in Thailand. Plants 2022, 11, 294. [CrossRef]

21. Kratchanova, M.; Denev, P.; Ciz, M.; Lojek, A.; Mihailov, A. Evaluation of antioxidant activity of medicinal plants containing
polyphenol compounds. Comparison of two extraction systems. Acta Biochim. Pol. 2010, 57, 229–234. [CrossRef]

22. Hong, P.K.; Betti, M. Non-enzymatic browning reaction of glucosamine at mild conditions: Relationship between colour formation,
radical scavenging activity and α-dicarbonyl compounds production. Food Chem. 2016, 212, 234–243. [CrossRef] [PubMed]

23. Maghsoudlou, Y.; Ghajari, M.A.; Sedighe, T. Effects of heat treatment on the phenolic compounds and antioxidant capacity of
quince fruit and its tisane’s sensory properties. J. Food Sci. Technol. 2019, 56, 2365–2372. [CrossRef] [PubMed]

24. Hopper, D.; Ghan, R.; Cramer, G. A rapid dehydration leaf assay reveals stomatal response differences in grapevine genotypes.
Hortic. Res. 2014, 1, 2. [CrossRef] [PubMed]

25. Hu, Q.; Zhang, M.; Mujumdar, A.S.; Du, W.; Sun, J. Effects of different drying methods on the quality changes of granular
edamame. Drying Technol. 2006, 24, 1025–1032.

26. Khan, M.W.A.; Otaibi, A.A.; Sherwani, S.; Khan, W.A.; Alshammari, E.M.; Al-Zahrani, S.A.; Saleem, M.; Khan, S.N.; Alouffi, S.
Glycation and oxidative stress increase autoantibodies in the elderly. Molecules 2020, 25, 3675. [CrossRef]

27. Wu, C.H.; Huang, S.M.; Yen, G.C. Silymarin: A novel antioxidant with antiglycation and antiinflammatory properties in vitro
and in vivo. Antioxid. Redox Signal 2011, 14, 353–366. [CrossRef] [PubMed]

28. Sun, Z.; Peng, X.; Liu, J.; Fan, K.W.; Wang, M.; Chen, F. Inhibitory effects of microalgal extracts on the formation of advanced
glycation endproducts (AGEs). Food Chem. 2010, 120, 261–267. [CrossRef]

29. Ávila, F.; Ravello, N.; Manriquez, C.; Jiménez-Aspee, F.; Schmeda-Hirschmann, G.; Theoduloz, C. Antiglycating effect of phenolics
from the Chilean currant Ribes cucullatum under thermal treatment. Antioxidants 2021, 10, 665. [CrossRef]
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