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Gabriela Râpeanu, Gabriela Elena Bahrim and Nicoleta Stănciuc
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Plants are the main natural source of numerous phytochemicals, although only a cer-
tain amount have been isolated and identified. Nutritional epidemiology has investigated
the relation between diet and human health, reporting positive evidence on the role of
phytochemicals. The studies carried out to date affirm that these compounds can reduce
the incidence of several chronic diseases, including cardiovascular, obesity, diabetes, and
cancer diseases, as well as high blood pressure and inflammation. Vegetables, fruits, pulses,
chocolate, and teas are rich sources of phytochemicals; however, the wide diversity of these
compounds requires optimized extraction methodologies to further characterization.

This Special Issue addresses interdisciplinary research about phytochemicals, high-
lighting their dietary sources, innovative extraction methodologies and their effect on
human health. Seven papers have been selected to contribute further to phytochemical
studies. Guava (Psidium guajava L.) leaves are studied by Kumar et al. [1] due to their
health benefits. In this review, the authors critically discussed the presence of several
bioactive compounds and the biological activities of guava leaf extracts, emphasizing the
potential use of this plant’s leaves as an ingredient in the development of functional foods
and pharmaceuticals. The authors reported the existence of a high level of antioxidants
and phenolic compounds responsible of biological activities, including antioxidant, hy-
poglycemic, anticancer, antimicrobial, and anti-obesity activities. The addition of guava
leaves did not cause any change in the texture properties, did not alter the rheological and
sensory properties, and showed no interaction with medicines or drugs.

Two papers about legumes have been included in this Special Issue due to the im-
portance of this food product as source of bioactive compounds. On the one hand, the
study performed by Pedrosa et al. [2] is focused on the changes produced in the bioac-
tive phytochemical content of pulses processed by domestically or industrially processing
techniques to develop new pulse flour ingredients. The review describes the processing
effects on bioactive phytochemicals, concluding reductions in galactosides, phenolic com-
pounds, protein inhibitors, and myo-inositol content. Contrarily, protein digestibility and
mineral absorption was improved in processed samples. This studied food-processing
technology focused on the use of autoclaving, extrusion/cooking, and cold extrusion
that would allow the inclusion of pulse flours in new food products. On the other hand,
Moreno et al. [3] investigated the anti-adipogenesis potential of selected legume protein
hydrolysates and their combinations by biochemical assays and in silico predictions. The
protein hydrolysates showed high antioxidant activity and capacity to inhibit pancreatic
lipase and HMG-CoA reductase, this capacity being higher when the hydrolysates of dif-
ferent legumes were combined. Therefore, the authors concluded that the combination of
legume protein hydrolysates from different protein sources could synergistically enhance
their anti-adipogenic potential.

Chupeerach et al. [4] carried out studies on the effect of steaming and fermentation
on tea leaves, analyzing nutritive values, phenolics, antioxidant activities, and in vitro
health properties. The results suggest that tea preparations play a significant role in
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the amount of nutrients and bioactive compounds. After the steaming process, most
nutrients decreased and, after fermentation, energy, fat, sodium, potassium, and iron
contents increased, while calcium and vitamins decreased. However, the total phenolic
content and antioxidant activities increased significantly after steaming and fermentation.
With respect to health properties, steamed tea exhibited a high inhibition against lipase,
α-amylase, and α-glucosidase, while fermented tea possessed high anti-cholinesterases
and anti-angiotensin-converting enzyme activities. Therefore, these results indicate that tea
preparations could be used as a source of nutrients and bioactive compounds to develop
other functional foods and drinks.

Anthocyanins, apart from their health promoting effects, are being intensely studied as
natural colors. These compounds can change their structure due to chemical and enzymatic
reactions that can lead to the loss of color and its beneficial properties. In this regard, Slavu
et al. [5] have studied the thermal degradation kinetics of anthocyanins extracted from
purple maize flour and the impact of heating on antioxidant activity and anthocyanin
release during in vitro digestion. The results showed the thermostability of anthocyanins
between 80 and 120 ◦C, following a first-order kinetic model at higher temperatures.
The thermal degradation of anthocyanins reduced their antioxidant activity, and heating
decreased their stability and release after in vitro digestion.

The Special Issue also incorporates a study about the revalorization of industry by-
products, in particular coffee husks, by optimizing the extraction of phenolic compounds
using green sustainable techniques. Rebollo-Hernanz et al. [6] used artificial neural net-
works and response surface methodology to model the effect of time, temperature, acidity,
and the solid-to-liquid ratio on phenolic compounds. The results validated the model and
the phenolic aqueous extract obtained (100 ◦C, 90 min, no acid, 0.02 g of coffee husk per
mL) could be utilized as nutraceutical or sustainable food ingredient.

Finally, a preliminary verification of the safety of a European hybrid of Ilex for use
as a substitute for yerba mate is included in this Special Issue. Kuropka et al. [7] studied
the effect of Ilex x meserveae S. Y. Hu extract and its fractions on the renal morphology of
rats fed with a normal and a high cholesterol diet compared to Ilex paraguariensis (yerba
mate). The results indicated that, at the administered concentrations, a saponin fraction
from Ilex x meserveae seems not to influence kidney status. However, polyphenols and
terpenoids existing in dry extracts and the fresh infusions from both Ilex x meserveae and Ilex
paraguariensis, together with co-extracted compounds in a normal diet, cause a nephrotoxic
effect that is less pronounced when a high-cholesterol diet is administered.

We are pleased to present this Special Issue that contributes to the growth of this
research area. We would like to thank all the authors who have shared their scientific
knowledge through their contributions and the reviewers of the papers published for their
great contributions. We are also grateful to the editorial board members for their support
during the preparation of this Special Issue. We sincerely hope that the readers will find
this Special Issue motivating and informative.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Psidium guajava (L.) belongs to the Myrtaceae family and it is an important fruit in tropical
areas like India, Indonesia, Pakistan, Bangladesh, and South America. The leaves of the guava plant
have been studied for their health benefits which are attributed to their plethora of phytochemicals,
such as quercetin, avicularin, apigenin, guaijaverin, kaempferol, hyperin, myricetin, gallic acid,
catechin, epicatechin, chlorogenic acid, epigallocatechin gallate, and caffeic acid. Extracts from
guava leaves (GLs) have been studied for their biological activities, including anticancer, antidiabetic,
antioxidant, antidiarrheal, antimicrobial, lipid-lowering, and hepatoprotection activities. In the
present review, we comprehensively present the nutritional profile and phytochemical profile of
GLs. Further, various bioactivities of the GL extracts are also discussed critically. Considering the
phytochemical profile and beneficial effects of GLs, they can potentially be used as an ingredient in
the development of functional foods and pharmaceuticals. More detailed clinical trials need to be
conducted to establish the efficacy of the GL extracts.

Keywords: phenolic extracts; essential oils; polysaccharides; valorization; crop residue

1. Introduction

Plants are a predominant natural source of numerous bioactive compounds [1,2].
Several diseases have been cured using a variety of plant preparations in folk medicine since
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ancient times [3] and, presently, cosmetic, pharmaceutical, and nutraceutical industries
are paying more attention to plant preparations and pure phytochemicals. The projected
growth of the plant preparation market is around USD 86.74 billion by 2022, with the
largest market share belonging to the pharmaceutical sector, followed by the nutraceutical
industry. Interestingly, the utilization of plant preparations for cosmetics, beverages, food,
and medicine is mainly dependent on plant leaves. Among all plant organs, leaves are the
largest accumulators of bioactive compounds, such as secondary metabolites. Several recent
studies reported phytochemical profiles and biological activities of leaf extracts of various
cultivated plants [2,4–6]. Hence, although plant leaves are considered as agricultural waste,
they are a rich source of high-value nutra-pharmaceutical compounds.

The guava (Psidium guajava L.) tree (Figure 1), belonging to the Myrtaceae family,
is a very unique and traditional plant which is grown due to its diverse medicinal and
nutritive properties. Guava has been grown and utilized as an important fruit in tropical
areas like India, Indonesia, Pakistan, Bangladesh, and South America. Different parts of
the guava tree, i.e., roots, leaves, bark, stem, and fruits, have been employed for treating
stomachache, diabetes, diarrhea, and other health ailments in many countries. Guava
leaves (Psidii guajavae folium; GL) are dark green, elliptical, oval, and characterized by
their obtuse-type apex. Guava leaves, along with the pulp and seeds, are used to treat
certain respiratory and gastrointestinal disorders, and to increase platelets in patients
suffering from dengue fever [7]. GLs are also widely used for their antispasmodic, cough
sedative, anti-inflammatory, antidiarrheic, antihypertension, antiobesity, and antidiabetic
properties [8]. Studies on animal models have also established the role of GL isolates as
potent antitumor, anticancer, and cytotoxic agents [9,10].

 

Figure 1. (A) Guava fruit and leaves, (B) bunch of guava leaves with dorsal view on the left and ventral view on the right,
(C) guava leaf with dorsal view on the left and ventral view on the right.
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GLs are widely employed for treating diarrhea and digestive ailments, while the fruit
pulp is utilized to enhance the platelet count for treating dengue fever. The potential of
guava leaf extracts for diarrhea treatment was also studied [11,12]. The flavonoids present
in guava leaf extract chiefly determine their antibacterial activity, while quercetin, which is
the most predominant flavonoid of guava leaves, exhibits strong antidiarrheal activities.
The antidiarrheal activity of quercetin is ascribed to its relaxing effect on the intestinal
muscle lining which prevents bowel contractions. Guava leaf polysaccharides (GLPs) can
be utilized as an antioxidant additive in food and for diabetes treatment.

The presence of a unique variety of bioactive polyphenolic compounds, like quercetin
and other flavonoids, and ferulic, caffeic, and gallic acids, present in guava leaves primarily
determine their bioactive and therapeutic properties [8,13]. These phenolic compounds are
known as secondary metabolites which exhibit strong antioxidant and immunostimulant
activities. This review aims to discuss the various nutritional and bioactive compounds
present in guava leaves and decipher the molecular basis of their pharmacological and
medicinal properties concerning human health, nutrition, and as complementary medicine.

2. Chemical Composition

2.1. Proximate Composition

Guava leaves (GLs) are a rich source of various health-promoting micro- and macronu-
trients as well as bioactive compounds. They contain 82.47% moisture, 3.64% ash, 0.62%
fat, 18.53% protein, 12.74% carbohydrates, 103 mg ascorbic acid, and 1717 mg gallic acid
equivalents (GAE)/g total phenolic compounds [14]. The overall proximate profile of GLs
is presented in Table 1.

2.1.1. Polysaccharides

Polysaccharides are macromolecules that are ubiquitously present in nature. They are
made of long polymeric chains, which are composed of monosaccharide units. These
polysaccharides demonstrate various physicochemical, biological, and pharmacologi-
cal properties, such as antioxidant, anti-inflammatory, antidiabetic, immunomodulatory,
and antitumor activities [15]. Guava leaf polysaccharides (GLPs) can be isolated using
ultrasound-assisted extraction (UAE) (time: 20 min, power: 404 W, temperature: 62 ◦C).
These GLPs contain about 9.13% uronic acid and 64.42% total sugars, out of which 2.24% are
reducing sugars. GLPs are soluble in water, while insoluble in organic solvents like ethanol,
diethyl ether, ethyl acetate, acetone, and chloroform. Extracted GLP with a concentration
of 100 μg/mL exhibits good antioxidant capacity with 56.38% and 51.73% 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical- and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) radical cation-scavenging capacity, respectively [16]. Similar results were also
reported by Kong et al. [17]. They obtained up to 0.51% GLP using UAE that exhibited
good DPPH•- and •OH-scavenging activity (72–86% and 42.94–58.33%). GLPs can be
categorized into two groups: unsulfated and sulfated GLPs. Sulfated GLP contains about
18.58% sulfate content. Sulfated GLP exhibited good antioxidant activity in terms of DPPH,
hydroxyl, and alkyl radical-scavenging activity (0.10, 0.02, and 0.17 IC50, mg/mL, respec-
tively). Studies showed that guava leaves extracts (GLE) effectively reduced the oxidative
stress and toxicity caused by hydrogen peroxide in mammalian cell lines (Vero cells) [18].
GLPs are also found to be beneficial in treating diabetes mellitus symptoms. Acarbose (an
antidiabetic drug) is commonly used for the treatment of type 2 diabetes [16]. It acts as
an inhibitor of glycoside hydrolases like α-glucosidase and α-amylase and thus prevents
rapid glucose release from complex carbohydrates [19]. This activity causes some of the
incompletely digested complex carbohydrates to remain in the intestine and be transported
to the colon. The intestinal microflora digests these complex carbohydrate fractions, caus-
ing gastrointestinal problems like diarrhea and flatulence. A study reported that GLP
inhibited α-glucosidase more efficiently than acarbose without significantly blocking the
α-amylase activity [19]. Moreover, it also caused a substantial drop in fasting blood sugar,
total cholesterol, total triglycerides, glycated serum protein, creatinine, and malonaldehyde
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in diabetic mice without causing any major side effect [15]. Therefore, GLP can be used
as a replacement of acarbose for managing diabetes mellitus and also as an antioxidant
additive in foods.

Table 1. Nutritional profile of guava leaves.

Compounds Content/Composition References

Elements and ascorbic acid

[20]
Potassium 1.11%

Phosphorus 0.23%
Nitrogen 1.02%

Ascorbic acid 142.55 mg/100 g

Carbohydrates/phenols/sulfates

[18]

Fucose 1.44%
Rhamnose 3.88%
Arabinose 22.6%
Galactose 29.41%
Glucose 33.79%

Mannose 0.59%
Xylose 7.71%
Phenol 15.28%
Sulfate 18.58%

Carbohydrate 48.13%
Sulfate polysaccharide 66.71%

Protein

Association of Official Analytical
Chemists (AOAC) method 22.98 ± 0.036% [dry weight (DW) basis] [21]

AOAC method 9.73% [22]

Lowry’s method 16.8 mg/100 g
[23]Ninhydrin method 8.0 mg/100 g

2.1.2. Proteins

Guava leaves contains 9.73% protein on a dry weight basis [22]. Proteins are large
biomolecules composed of amino acids and act as building blocks of cells. Proteins play
a major role in growth and maintenance, enzyme regulation, and cell signaling, and also
as biocatalysts [24]. Recently, plant-based nutrients have gained potential because of the
high demand for nutritionally rich food, particularly protein. A great effort is now being
made to find highly sustainable nutritionally rich food sources [25]. Thomas et al. [23]
reported 16.8 mg protein/100g and 8 mg amino acids/100g in guava leaves as estimated
according to Lowry’s and ninhydrin methods, respectively. Jassal et al. [21] reported that
guava leaves can be utilized as a novel and sustainable dietary source as they are a rich
source of proteins, carbohydrates, and dietary fibers.

2.1.3. Minerals and Vitamins

Guava leaves are the rich source of minerals, such as calcium, potassium, sulfur,
sodium, iron, boron, magnesium, manganese, and vitamins C and B. The higher concentra-
tions of Mg, Na, S, Mn, and B in GLs makes them a highly suitable choice for human nutri-
tion and also as an animal feed to prevent micronutrient deficiency [26]. Thomas et al. [23]
reported the concentration of minerals such as Ca, P, K, Fe, and Mg as 1660, 360, 1602,
13.50, and 440 mg per 100g of guava leaf dry weight (DW), respectively. The concentration
of vitamins C and B was 103.0 and 14.80 mg per 100g DW, respectively. Consumption
of Ca- and P-rich GLs reduces the risk of deficiency-related diseases like hypocalcemia,
hypophosphatemia, and osteoporosis. The study also reported that the concentration of
Ca, P, Mg, Fe, and vitamin B in GLs was higher than that in guava fruit. The higher vitamin
C content in GLs may help in improving the immune system and maintain the health of
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blood vessels, whereas vitamin B plays an important role in improving blood circulation,
nerve relaxation, and cognitive function stimulation.

2.2. Phytochemical Profile
2.2.1. Essential Oil Profile

GLs are a rich source of essential oils (Table 2). The major constituent of GL es-
sential oil includes 1,8-cineole and trans-caryophyllene [27]. Chen et al. [8] identified
50 compounds in GL essential oil using gas chromatography (GC) and gas chromatog-
raphy/mass spectrometry (GC–MS), where they found β-caryophyllene, α-pinene, and
1,8-cineole to be the major ones. GL essential oil from the Philippines was found to contain
a different profile, with limonene, α-pinene, β-caryophyllene, and longicyclene as major
compounds [28]. Ecuadorian GL essential oil contained a higher content of monoterpenes
(limonene and α-pinene) whereas Tunisian guava leaf oil displayed a higher content of
veridiflorol and trans-caryophyllene [29,30]. Soliman et al. [31] reported a larger amount
of monoterpenes, contrary to the other studies, where sesquiterpenes constituted the ma-
jor compound in GL essential oil. El-Ahmady et al. [32] reported 4 α-selin-7(11)-enol,
α-selinene, β-caryophyllene, and β-caryophyllene oxide as the major constituents of GL
essential oil. In another study, sixty-four different compounds were determined in essential
oil extracted from GLs by gas chromatography–mass spectrometry (GC–MS). Among
them, caryophyllene (24.97%) was found to be predominantly present, which acts as an
antioxidant, anticancer, anti-inflammatory, and antimicrobial agent [21]. This study re-
ported the concentration of non-oxygenated sesquiterpenes, oxygenated sesquiterpenes,
and monoterpenes as 73.67, 12.94, and 8.55%, respectively.

Table 2. Essential oil components of guava leaves.

Compounds Content/Composition References

Essential oil components

[31]

α-Pinene 1.53%
Benzaldehyde 0.83%

p-cymene 0.52%
Limonene 54.7%

1,8-Cineole 32.14%
β-cis-Ocimene 0.28%
γ-Terpinene 0.38%
α-Terpineol 1.79%

β-Caryophyllene 2.91%
α-Humulene 0.77%

Total identified constituents 95.85%
Caryophyllene, copaene, nerolidol,

caryophyllene oxide, humulene, limonene,
eucalyptol, beta-bisabolene, cadin-4-en-10-ol,

trans-cadina-1,4-diene, sesquiterpenes,
eugenol, isoeugenol, cevadine, emetine
(extracted from guava leaves, Ludhiana,

India using hydro-distillation by
Clevenger-type apparatus)

- [21]

2.2.2. Phenolic Compounds

GLs are widely popular as a traditional source of medicine in Asian countries due to
their antihyperglycemic effect. As mentioned in the previous sections, they contain superior
quality bioactive polysaccharides, proteins, lipids, essential oils, vitamins, and minerals.
The various secondary metabolites present in GLs include phenolic acids, flavonoids,
triterpenoids, sesquiterpenes, glycosides, alkaloids, and saponins. Phenolic compounds
(PCs) serve as key bioactive compounds which provide antioxidant and hypoglycemic
properties to GLs. Generally, these PCs play a major role in managing various metabolic
and physiological activities in the human body. About seventy-two different phenolic
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compounds have been determined in GLs using high-performance liquid chromatography–
diode array detector–quadrupole time-of-flight tandem mass spectrometry [33]. Generally,
five quercetin glycosides are present in GLs. The presence of two new benzophenone
galloyl glycosides (guavinosides A and B) and one quercetin galloyl glycoside (guavinoside
C) was also reported [34]. Seventeen types of triterpenoids, thirty types of flavonoids,
and nineteen types of sesquiterpenoids in GLs have also been reported [10]. Moreover,
diphenylmethane [35] sesquiterpenoid-diphenylmethane meroterpenoids (psiguadials
A and B) [36] and psiguanins A–D (1–4) [37] were also found in GLs. Epidemiological
studies have established the roles of polyphenolic compounds against chronic diseases,
such as diabetes, cancer, and neurodegenerative and cardiovascular diseases [38]. Phenolic
compounds modulate numerous physiological processes like cell proliferation, enzymatic
activity, cellular redox potential, and signal transduction pathways to fight against chronic
pathologies [39]. Various phenolics reported in GLs are summarized in Table 3 and the
structures can be seen in Figure 2.

Table 3. Phenolic compounds of guava leaves.

Origin of Guava Leaves Extract/Fraction Bioactive Compounds References

Leaves from Guangzhou
(China)

Ethyl acetate-soluble fraction,
n-butanol-soluble fraction, 75%

ethanol extract, residual fraction,
dichloromethane-soluble fraction

Quercetin, avicularin, apigenin,
guaijaverin, kaempferol, hyperin,

myricetin
[40]

Leaves from Jing-cin Farm
(Tianzhong Township,

Changhua County, Taiwan)
Aqueous extract

Gallic acid, catechin, epicatechin,
quercetin, chlorogenic acid,

epigallocatechin gallate, caffeic acid
[41]

Leaves from Motril (Spain) Acetone, water, and acetic acid extract Proanthocyanidins (PAs) [33]

Leaves from Jiangmen (China) Methanol extract

Gallic acid, chlorogenic acid, epicatechin,
mono-3-hydroxyethyl-quercetin-
glucuronide, rutin, isoquercitrin,

quercetin-3-O-α-L-arabinofuranoside,
quercetin-3-O-β-D-xylopyranoside,

avicularin, quercitrin,
kaempferol-3-arabofuranoside,

quercetin, kaempferol

[42]

Among phenolic compounds, quercetin is a major bioactive phenolic compound in
GLs. Diets enriched with bioactive compounds have been gaining much attention in
recent years due to their potential to lower the risk of the development of numerous
chronic diseases. Seven pure compounds, quercetin, avicularin, apigenin, guaijaverin,
kaempferol, hyperin, and myricetin, were separated from the ethyl acetate (EtOAc)-soluble
GL fraction using Sephadex LH-20 column chromatography with reversed-phase thin layer
chromatography (RP-TLC) to monitor separation. Mass spectrometry and nuclear mag-
netic resonance spectroscopy were used to elucidate the compound structures [40]. Wang
et al. [43] extracted and analyzed phenolic compounds from non-fermented guava leaves
(NFGLs) and fermented guava leaves (FGLs) using high-performance liquid chromatog-
raphy coupled to electrospray ionization quadropole–time-of-flight mass spectrometry
(HPLC–TOF–ESI/MS). The authors reported the presence of gallic acid, rutin, chlorogenic
acid, avicularin, isoquercitrin, quercitrin, and kaempferol in NFGL and FGL samples.
Among them, quercetin, rutin, gallic acid, avicularin, and isoquercitrin occupied about
65% of the total peak area on the chromatogram. Another study reported higher concen-
trations of catechin (2.25%) and epicatechin (1.45%), whereas gallic acid, chlorogenic acid,
quercetin, caffeic acid, and epigallocatechin gallate were present in lower concentrations
in GL extract [41]. Additionally, phenolic compounds (eugenol and isoeugenol) and al-
kaloids (cevadine and emetine) were detected. Díaz-de-Cerio et al. [44] optimized the
extraction of proanthocyanidins, as antidiabetic and antiobesity agents [45], from GLs by
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HPLC–fluorimetric detector (FLD)–ESI–MS and studied their degree of polymerization
in different oxidation states. Thus, the phytochemical profile of GL extract depicts the
presence of numerous phytochemicals with distinct medicinal properties, suggesting its
application to cure human diseases.

 

Figure 2. Structures of phenolic compounds present in guava leaf extracts.

3. Biological Activities of Guava Leaf Extracts

The compounds from guava leaf extracts possess multidirectional biological activities,
including antioxidant, hypoglycemic, anticancer, and other biological activities. It was also
reported that polysaccharide fractions of sulfated GLP possess stronger biological activities,
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such as antioxidant, antibacterial, and antitumor effects compared to unsulfated ones. The
useful bioactivities of GL extract are presented in the following subsections.

3.1. Anticancer/Antitumor Activity

Cancer is a complex health disorder which is identified by the development of cell
proliferation or a decrease, causing apoptosis [46]. It can be caused by several exogenous
and endogenous factors involved in the excessive production of reactive oxygen species
(ROS). This can result in single- or double-strand breaks in DNA or RNA, base mutations,
chromosomal breaking and reorganization, DNA cross-linkage, nucleic acid degradation,
damage to cell membrane integrity due to lipid peroxidation, and tumor formation [47].
GLs are a good source of triterpenoids, sesquiterpenes, tannins, psiguadials, volatile oils,
flavonoids, benzophenone glycosides, and miscellaneous quinones [10]. Psiguadial D
and psiguadial C act as inhibitors of human hepatoma cells (HepG2) and protein tyrosine
phosphatase 1B (PTP1B). Terpenoids and flavonoids present in GLs exhibit antitumor
effects by regulating the immune system, suppression of signal transfer and tumor cell
adhesion, and an impediment to tumor angiogenesis and cell proliferation [48]. Studies
suggest that these leaves exhibit a potent inhibitory effect against cancer cell lines like MDA-
MB-231 and Michigan Cancer Foundation-7 (MCF-7) for breast cancer, Henrietta Lacks
(HeLa) for cervical cancer, KB for nasopharyngeal cancer, LNCaP, DU 145, and prostate
cancer-3 (PC-3) for prostate cancer, and colorectal 320 double minutes (COLO320DM) for
colon cancer [49].

The growth of colorectal tumors chiefly relies on angiogenesis, a process by which
new blood vessels develop from pre-existing ones. Prolonged angiogenesis is vital for the
progression of tumors towards malignancy since the blood vessels efficiently supply the de-
veloping tumor cells with vital metabolites and oxygen and it also functions as an efficient
means for cellular waste disposal. A study was conducted to investigate the anticancer
and antiangiogenic potential of GL extracts against angiogenesis-dependent colorectal can-
cer [50]. Guava leaf extracts rich in vitamin E, flavonoids (apigenin), and β-caryophyllene
demonstrated strong antiproliferative activity against human colon carcinoma cell lines
Caco-2, HT-29, and SW480. The antiangiogenic property of β-caryophyllene is attributable
to its interaction with the transcription factor HIF-1α that regulates the biological pathways
related to hypoxia, tumor metastasis, and tumor-mediated angiogenesis. HIF-1α also
mediates the transcription of vascular endothelial growth factor (VEGF) in the presence
of β-caryophyllene, explaining the antiangiogenic and anticolorectal cancer property of
guava leaf extract.

A caryophyllene-based meroterpenoid called guajadial from GLs was studied for its
antiproliferative and antiestrogenic activities against human breast cancer cell lines MCF-7
BUS and MCF-7 [51]. The authors suggested that guajadial exerts its anticancer activity
by acting on estrogenic receptors, induction of apoptosis by blocking DNA synthesis,
and inhibition of the cell cycle at the G1 phase [52]. A similar study indicated that three
benzophenones, guavinoside B, guavinoside E, and 3,5-dihydroxy-2,4-dimethyl-1-O-(6′-
O-galloyl-β-D-glucopyranosyl)-benzophenone, isolated from guava leaves inhibited the
growth of HCT116 human colon cancer cells [53]. These compounds strongly induced
cancer cell apoptosis and modulated the expression of key proteins like extracellular
signal-related kinases (p-ERK1/2), p53, c-Jun NH2-terminal kinases (p-JNK), and cleaved
caspases 8 and 9, which are involved in apoptotic signaling and cell proliferation. Another
study indicated the inhibitor effect of guava leaf extracts on lung cancer genes, primar-
ily involved in signaling pathways like PI3K-Akt [10]. The authors stated that daidzein,
ursolic acid, apigenin, genistein, and quercetin in the leaf extract strongly inhibited cyclin-
dependent kinase 2,6 (CDK2,6), vitamin D3 receptor (VDR), hepatocyte growth factor
receptor (MET), epidermal growth factor receptor (EGFR), progesterone receptor (PGR),
peroxisome proliferator-activated receptor gamma (PPARG) and interleukin-2 (IL-2) pro-
teins and subsequently blocked tumor proliferation and migration, tumor angiogenesis,
tumor adhesion, and degradation of the extracellular matrix.
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3.2. Antidiabetic Activity

Diabetes is a major chronic disease and about 10% of the world’s population suffer
from blood glucose metabolic disorder, mainly characterized by a hyperglycemic condition.
This situation is either characterized by insufficient secretion of insulin from β-cells of
pancreatic islets (type 1 diabetes) or the inability of cells to react in response to the secreted
insulin (type 2 diabetes) [12,54]. The International Diabetes Federation (IDF) stated that
451 million people were affected by diabetes mellitus, resulting in 5 million deaths, in
2017 and the global prevalence of diabetes is projected to hit 693 million cases by 2045 [55].
The prolonged condition of hyperglycemia leads to increased production of ROS and
dyslipidemia, causing severe cellular damage and complications [56].

GLs have been widely used as ethnomedicine for diabetes management [15]. Flavonoids
and polysaccharides of GLs have been reported for their antidiabetic potential in several
studies. Guaijaverin and avicularin flavonoids of GL extract were associated with signifi-
cant improvement in the function of β-cells of pancreatic islets and hepatocyte morphology
in diabetic mice [57]. Guaijaverin suppressed the activity of the blood glucose homeostasis
enzyme dipeptidyl-peptidase IV [58], while avicularin inhibited intracellular lipid aggrega-
tion by impeding glucose uptake through GLUT-4 in vitro and revealed no distinct toxicity
for 3T3-L1 adipose cells [59]. Luo et al. [14] extracted GL polysaccharides (GLPs) and fur-
ther tested the antidiabetic effects on streptozotocin-induced diabetic mice in combination
with a high-fat diet. The authors revealed that GLP was associated with a significant re-
duction in total cholesterol, triglycerides, glycated serum protein, creatinine, fasting blood
glucose, and malonaldehyde content, and increased total superoxide dismutase and total
antioxidant capacity enzyme activity in vivo. Suboptimal glycemic regulation may lead to
elevated postprandial glucose concentrations. Nair et al. [60] suggested that the inhibitors
of α-amylase and α-glucosidase enzyme can decline postprandial glucose absorption, and
are therefore possible targets for diabetes management. The polysaccharides were isolated
from GLs by ultrasound-assisted extraction and the antiglycation activity of extracted
polysaccharides was studied [16]. The authors found that GLP showed strong inhibition
of α-glucosidase, with a 99.54% inhibition rate at a 100 μg/mL concentration, and less
inhibition of α-amylase, with a 14.06% inhibition rate at a 1mg/mL dose concentration.
The findings suggests that bioactive compounds from GLs can be effective in reducing the
risk of diabetes.

3.3. Antioxidant Activity

Oxygen is an important element for aerobes since it acts as a terminal electron acceptor
during the respiration process, which is the key source of energy production. However, free
radicals produced during metabolic processes are responsible for numerous ailments in
the human body, namely, inflammatory diseases, ischemic diseases, neurological disorders,
hemochromatosis, emphysema, acquired immunodeficiency syndrome, and many oth-
ers [61]. The presence of phenolic compounds, such as gallic acid, pyrocatechol, taxifolin,
ellagic acid, ferulic acid, and several others, is responsible for the antioxidant roles of
GLs [8,13]. High-performance liquid chromatography analysis of GL extracts revealed the
presence of seven major flavonoids: quercetin, hesperetin, kaempferol, quercitrin, rutin,
catchin, and apigenin, while other bioactive compounds, such as kaempfertin, isoquinoline,
and corilaginoline alkaloids, were also identified [62]. These compounds are the major
compounds responsible for the antioxidant properties of GLs.

The significance of antioxidant compounds from GLs in minimizing the harmful effects
of free radicals has been shown by numerous studies. Essential oils extracted from GLs were
found to function as moderate antioxidants with an IC50 value of ~460.37 ± 1.33 μg/mL,
as demonstrated by a DPPH assay [27]. The reduction of linoleic acid oxidation and the
scavenging effect on peroxyl radicals were revealed by other such analyses on GL extract.
The study also showed that there was a linear association between the antioxidant’s po-
tency, the ability to scavenge free radicals, and the phenolic content of GL extract [8]. The
protective effect of GL polysaccharide was studied in zebrafish. The authors revealed
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that GL polysaccharides exerted a protective effect against oxidative stress induced by
hydrogen peroxide by inhibiting the formation of reactive oxygen species (ROS), reducing
lipid peroxidation and cell death [18]. In another study, it was revealed that GL extracts
at 4000 ppm or higher can prevent the oxidation of fresh pork sausages, suggesting its
application as a functional food ingredient [63]. To release insoluble bound polyphenol
components, GLs were co-fermented with yeast and bacterial strains and it was observed
that fermentation enhanced the antioxidant ability of soluble guava leaf polyphenols [43].
In an advanced study, silver nanoparticles were synthesized by utilizing crude polysac-
charides of GLs, and showed high DPPH radical- and ABTS radical cation-scavenging
activity [64]. It is evident from the findings that GL extracts can be a useful antioxidant
material in the food preservation and cosmetic industries.

3.4. Antidiarrhea Activity

Currently, diarrhea is one of the prominent root causes of mortality among children in
the age group of 0–5 years. Attempts have been made to discover new drugs with minimal
side effects on the other organs of the body. In developing nations, attention has been
devoted to identifying novel phytochemicals derived from medicinal plants to develop
new drugs with minimal side effects [65]. Most pharmaceutical industries are engaged in
the innovation of different drugs which have therapeutic potential to combat this disease.
A number of therapeutic treatments are available for treating diarrhea in the form of
synthetic drugs which cause many side effects in the human body, such as constipation,
intestinal obstruction, induction of bronchospasm, and vomiting [66,67]. To combat these
side effects, focus should be directed to investigate and isolate potent bioactive compounds
from medicinal plants. GLs are considered to possess antidiarrheal properties, as reported
by many researchers. Mazumdar et al. [12] reported the antidiarrheal potential of ethanolic
isolates of GLs in Wistar rats. The authors reported that a dosage level of extracts at
a concentration of 750 and 500 mg/kg had antidiarrheal potential in castor oil-fed rats.
Besides this, Ojewole et al. [68] reported similar activity using aqueous extracts of GLs in
rodents. They reported that GL extracts at doses of 52–410 mg/kg when administrated
orally were found to combat diarrhea, and also resulted in reduced intestinal transit
and dilatory removal of unwanted gastric products. Further, loperamide (13 mg/kg,
p.o.) reduced the occurrence of defecation, along with the severity of diarrhea in the
same animal models. The GL extracts reduced diarrheal symptoms, such as secretion
of interstitial fluid and wetness of fecal droppings in a dose-dependent manner. GLs at
different concentrations in rabbits showed concentration-dependent pulsing and pendulum
retrenchments in the duodenum. These studies suggested that GLs possess excellent
potential to combat diarrhea and they have gained the focus of scientific communities
regarding their pharmacological prospects in different communities. In another study,
Dewi et al. [11] proved the antidiarrheal potency of GL water extracts. The authors used the
combination of GL water extract (G) and green tea leaf extract (T). The extracts were used in
different combinations, i.e., (G:T) 112.5:110.55, (G:T) 75:221.1, and (G:T) 37.5:331.65 mg/kg
body weight. The outcomes proved that all combinations had potent antidiarrheal activities,
depicted by enhanced stool weight, stool onset, stool consistency, and diarrhea period.
When mice were administered with a water extract of (G:T) 75:221.1 at a time interval
of 180–240 min, a significant reduction in diarrhea was observed. Based on the above
observations, it can be concluded that GLs demonstrated potent antidiarrheal efficacy. It
may interesting to investigate, in future, the associated underlying molecular mechanism/s
and also long-term toxicity studies in different animal models, as well as in human patients,
to ascertain the therapeutic efficacy and safety.

3.5. Antimicrobial Activity

The evolution of novel disease-causing strains and resistance of microbes to classical
antibiotics are currently serious concerns. The incidence of systemic microbial infections
such as septicemia, urinary tract infections, meningitis, pneumonia, and gastritis affects the
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entire human body and contributes significantly to global mortality. Food-borne diseases
are mostly caused by pathogens including Staphylococcus, Shigella, Salmonella, Bacillus,
Escherichia coli, Clostridium, and Pseudomonas [69]. Plant-derived bioactive compounds are
promising sources of antimicrobials. These compounds act by the inhibition of microbial
cell wall development, disruption, and lysis, hampering biofilm formation, repression of
DNA replication and transcription, impeding adenosine triphosphate (ATP) production,
suppression of bacterial toxins, and the generation of reactive oxygen species (ROS) [70].
GLs, owing to the presence of different organic and inorganic antioxidants and anti-
inflammatory compounds, are known to possess antimicrobial properties [71]. GL essential
oils display strong antimicrobial properties against Pseudomonas aeruginosa, Escherichia coli,
Streptococcus faecalis, Staphylococcus aureus, and Bacillus subtilis [31]. Studies also indicate
their antioxidant and antiproliferative activities.

Qualitative analysis of aqueous and organic extracts of guava leaves revealed the
presence of phenolic acids, flavonoids, terpenoids, glycosides, and saponins, in which
their presence is positively correlated with antimicrobial activity. HPLC–TOF–ESI/MS
analysis of fermented GLs confirmed the presence of gallic acid, chlorogenic acid, rutin,
isoquercitrin, avicularin, quercitrin, kaempferol, morin, and quercetin. These compounds
have the property of inhibiting ergosterol, which is a fungal cell membrane component,
and glucosamine, which is a fungal cell growth indicator. Similarly, water-soluble tannins
present in GLs act as bacteriostatic agents, with mechanisms of actions like withholding sub-
stratum, hampering oxidative phosphorylation, and extracellular enzyme inhibition. They
have been demonstrated to have an inhibitory effect on antibiotic-resistant clinical isolates
of Staphylococcus aureus [72]. Another study, by Hirudkar et al. [73], identified quercetin as
one of the most predominant flavonoids of GLs with the highest pharmacological activity.
Additionally, activity against bacterial and fungal pathogens was traced to triterpenoids
like betulinic acid and lupeol [74]. A methanolic GL extract demonstrated antibacterial
activity against E. coli with a minimum inhibitory concentration (MIC) of 0.79 μg/mL, a
minimum bactericidal concentration of 51 μg/mL, and a reasonable antifungal activity
with a minimum inhibitory concentration of 12.6 μg/mL [75]. A decoction of GLs at various
concentrations (1%, 5%, and 10%) exhibited an inhibitory effect on bacterial colonization
and binding of bacterial enterotoxins on epithelial cells, thus altering the inflammatory
response. Guava extract showed higher activity of the antioxidant enzymes peroxidase,
catalase, and polyphenol oxidase [76]. Biogenic production of silver nanoparticles (40 nm in
size) using GL extract showed antibacterial activity against Pseudomonas aeruginosa owing
to high antiradical activity against DPPH radicals and ABTS radical cations [77]. The role of
the cytokine interleukin-7 (IL-7) as an immune booster against microbial infections is well
studied. It is hypothesized that GL extracts act on the intestinal mucosal cells and aid the
upregulation of IL-7 synthesis and help in the development of B and T cells [78]. Ongoing
investigations on the antimicrobial activity of plant bioactive compounds encourage the
utilization of GL extract in the treatment of microbial infections, oxidative stress-related
diseases, and unraveling more prophylactic compounds from GLs. An overall presentation
of all the bioactivities demonstrated by GLs is presented in Table 4 and Figure 3.
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Table 4. Biological activities of guava leaf (GL) extracts.

Origin of Leaves Type of Extracts Bioactive Compounds
Type of Cell Lines,

Type of Study
Results References

Anticancer activity

Leaves from Chaudhry
Wala, Punjab, (Pakistan)

Extracts obtained using
methanol, chloroform,

and hexane

Phenolics including
flavonoids

Human carcinoma cell lines
(SCC4, U266, and KBM5)

IC50 values of the leaf extracts
ranged from 22.73 to 51.65

mg/mL (KBM5); 20.97 to 89.55
mg/mL (U266); 22.82 to 70.25

mg/mL (SCC4). Hexane extract
demonstrated strong cytotoxic

(IC50 value = 32.18 μg/mL) and
antitumor (IC50 value = 65.02
μg/mL) properties. These

extracts also inhibited TNF-α
and instigated NF-κB activation

in KBM5 cells

[9]

- Ethanolic extract Chlorophyll

Glioblastoma cells (U-118
MG), colorectal

adenocarcinoma cells
(Caco-2), hepatocellular
carcinoma cells (HepG2),

breast cancer cells
(MDA-MB-231 and MCF7)

IC50 values of the leaf extracts
were >200 μg/mL for Caco-2,
HepG2, MDA-MB-231, MCF7

and 133.55 for U-118 MG,
demonstrating their potential

[79]

Leaves from Yaoundé
(Cameroon)

Ethanolic extract and
essential oils

β-Sesquiphellandrene,
α-humulene, nerolidol,
1,8-cineole, isodaucene,

benzaldehyde,
β-bisabolol,

β-caryophyllene

Hepatocellular carcinoma
cells (HepG2) and healthy

human skin fibroblasts
(CCD-45-SK)

The IC50 values for aqueous and
ethanol extracts of guava leaves

against CCD-45-SK were >0.1
mg/mL and 0.1 mg/mL for

essential oils. The IC50 values for
aqueous ethanol extracts and

essential oils against HepG2 were
0.013, 0.0057, and 0.1,

respectively

[80]

Antidiabetic activity

Leaves from Bangladesh Ethanolic extract - Wistar rats with
alloxan-induced diabetes

Administration of guava leaf
extract significantly reduced

(p < 0.05) BGL at doses of 1.00
and 0.50 g/kg, as well as

0.75 g/kg in alloxan-induced
diabetic Wistar rats (p < 0.001)

[12]

Leaves from
Guangdong (China)

Ultrasound-assisted
ethanolic extract Polysaccharides In vitro

Inhibited α-glucosidase activity
and reduced the breakdown of

glucose and prevented flatulence
by not attenuating α-amylase

activity

[16]

- 65% ethanol and ethyl
acetate extract

Flavonoids (guaijaverin
and avicularin)

Kunming mice with high-fat
diet and

streptozotocin-induced
diabetes

GLF (200 mg/kg/day) not able to
prevent loss of body weight,

which indicated the inability to
remove the damage induced by

streptozotocin
Hypoglycemic effect, improved

glucose tolerance. Decreased TC,
TG, LDL-C.

Improved the insulin resistance
and function of beta cell islets.

Reduced liver and kidney index.
Reduced liver viscera index by
reducing the accumulation of

lipids in the liver

[57]

Leaves from Natal
Province, (Republic of

South Africa)

Lyophilized water
extract -

Sprague Dawley male rats
with streptozotocin-induced

diabetes

Guava leaf extract (400 mg/kg/d)
significantly decreased HSL

activity in diabetic rat liver and
adipose tissue, which was

associated with increased levels
of glycogen, decreased total

cholesterol, serum triglycerides,
LDL-C, and increased HDL-C.

[81]

Leaves from
Ambohitantely
(Madagascar)

-
Rat hepatoma (H4IIE cells),

adipocyte-like cells (3T3-L1),
skeletal muscle cells (C2C12)

IC50 values of the leaf extract of
1.0 ± 0.3 inhibited α-glucosidase

activity and significantly
increased the accumulation of
triglycerides in 3T3-L1 cells.
Results demonstrated the

application of guava leaf extract
in the treatment of type 2 diabetes

[82]
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Table 4. Cont.

Origin of Leaves Type of Extracts Bioactive Compounds
Type of Cell Lines,

Type of Study
Results References

Antioxidant activity

- Water extract
Low molecular weight
polysaccharides (3.64

kDa)
In vitro antioxidant assays

IC50 values of 46.49 μg/mL,
175.52 μg/mL, and 102.82
μg/mL for DPPH, OH, and

ABTS were recorded, respectively,
all higher than that of ascorbic

acid or Trolox

[15]

- Water, methanol, and
ethanol

Phenolics including
flavonoids In vitro DPPH assay

IC50 value was highest for
ethanolic extract and the lowest

for methanolic extract
[82]

Antidiarrheal activity

- Water extract - In vivo with rats and mice

PGE (50–400 mg/kg p.o.)
produced dose-dependent and

significant protection of rats and
mice against castor oil-induced

diarrhea, inhibited intestinal
transit, and delayed

gastric emptying

[68]

- Ethanolic extract - In vivo Wistar rats

Application of EEPGL at doses of
750 and 500 mg/kg showed
antidiarrheal effect in castor
oil-induced diarrheal model

[12]

Antimicrobial activity

-
Methanolic extract,

water extract, extract of
flavonoids

Alkaloids, saponins,
anthraquinones,

tannins, terpenes,
flavonoids, coumarins

Antimicrobial activity of leaf
extract was studied against

Bacillus subtilis,
Staphylococcus aureus,
Escherichia coli, and

Salmonella typhi

Methanolic extracts with
minimum inhibitory

concentration (MIC) of
5.5–11 mg/mL.

Aqueous extract found to be least
effective with MIC of

2–15 mg/mL.
Flavonoid extract was the most
effective against bacteria with

MIC of 2.5–5 mg/mL

[83]

- Ethanolic extract -

Synergistic effect of zinc
oxide nanoparticles and

guava leaf extract for
enhanced antimicrobial

activity against
enterotoxigenic
Escherichia coli

Rifampicin (5 μg) zone of
inhibition—28 mm

Nanoparticle (concentration
128 μg/mL) zone of
inhibition—24 mm

Nanoparticle (concentration
128 μg/mL) + leaf extract zone of

inhibition—20 mm

[84]

Abbreviations: KBM5—human chronic myelogenous leukemia; SCC4—human tongue squamous carcinoma cells; U266—human multiple
myeloma cells; IC50—half maximal inhibitory concentration; TNF-α—tumor necrosis factor alpha; NF-κB—nuclear factor kappa light
chain enhancer of activated B cells; Caco-2—cancer coli-2; MCF7—Michigan Cancer Foundation-7; GLF—guava leaf flavonoid, HSL—
hormone-sensitive lipase; TC—total cholesterol; TG—triglycerides; BGL—blood glucose level; LDL-C—low-density lipoprotein cholesterol;
HDL-C—high-density lipoprotein cholesterol.
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Figure 3. Various bioactivities of guava leaf extracts.
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3.6. Hepatoprotective Properties

Liver lipid metabolism requires the activity of adenosine monophosphate-activated
protein kinase (AMPK) and PPARα and rats treated with guava leaf extract demonstrated
enhanced activity of both parameters. In addition, the guava leaf extracts could ameliorate
hepatic insulin resistance. Alanine transaminase (ALT) and aspartate aminotransferase
(AST) are associated with the functioning of the liver. Increases in their levels are an
indication of fatty liver, which could be restricted with the administration of guava leaf
extract [85]. Additionally, it has been found that diabetes has a close association with mal-
functioning of the liver, including liver enlargement, steatosis, and fibrosis, as the primary
function of the liver is to stabilize blood glucose levels. Any abnormality in the metabolism
of glucose, lipid, and insulin is seen as a classic condition in type 2 diabetes mellitus.
The bioactive compounds guaijaverin and avicularin present in guava leaves are potent
inhibitors of dipeptidyl-peptidase IV and glucose transporter 4 (GLUT4)-mediated glucose
uptake, respectively, responsible for raising the blood glucose levels [58,59]. Treatment
with guava leaf extract with enhanced flavonoid levels promoted insulin resistance and
restricted the rise in glucose as well as lipid levels in type 2 diabetes mellitus rats [57].

3.7. Antiobesity and Lipid-Lowering Activity

GLs are known to produce an antidiabetic effect and, therefore, are used for the
treatment of diabetes [86]. Treating diabetic rats with 200 mg/kg body weight (b.w.)
GLs caused a reduction in the blood glucose levels and promoted oral glucose tolerance,
which is essential to prevent weight loss as a consequence of impaired carbohydrate
metabolism. With the improved activity of hexokinase and G6PDH, and reduced activity
of gluconeogenic enzymes and glucose-6-phosphatase, the insulin levels stabilized [87].
Similar findings were reported by [82].

Hypercholesterolemia, or high cholesterol levels in the blood, occurs as an effect of
faulty dietary habits, genetics, or improper lifestyle. GLs contain many bioactive com-
pounds with antioxidant properties which have health-promoting functions [88]. Wang
et al. [40] reported the presence of flavonoids such as quercetin, kaempferol, guaijaverin,
avicularin, myricetin, hyperin, and apigenin in guava leaf extract. Additionally, these
flavonoids contributed to inhibitory action against α-glucosidase and α-amylase. It could
be concluded from the study that the presence of the –OH group on the third position of
the flavonoid was responsible for the inhibitory action. The inhibitory actions of myricetin,
quercetin, and kaempferol against α-glucosidase and α-amylase were the highest, but a
synergistic effect was quite evident. The presence of glycosides is essential to carry out the
inhibitory function. Administration of ethanol extracts of guava leaves in the diet of rabbits
brought about a significant reduction in the levels of serum triglycerides and low-density
lipoprotein, with alleviated high-density lipoprotein levels [89]. Similar findings were
reported in rats suffering from chronic diabetes along with hyperlipidemia [90].

4. GLs as a Functional Food Ingredient

Recent articles have shown that plant byproducts, such as fruit or vegetable pomace,
seeds, husk/bran/seed coat, peel, and leaves, are important source of bioactive compounds
and can be utilized as functional food ingredients [54,91–99]. Numerous reports suggest
the beneficial effects of the inclusion of GL extract in food as a functional food ingredient,
because of the presence of a myriad of compounds like rutin, naringenin, gallic acid,
catechin, epicatechin, kaempferol, isoflavonoids, vitamins, citric acid, and flavonoids such
as quercetin and guaijaverin, which are well known for their antimicrobial, antioxidant, and
anti-inflammatory actions [100]. A study on the hypoglycemic effects of GL extract, due to
the presence of its phenolic compounds, were shown to improve vascular dysfunction in
mice with diet-induced obesity [101]. Recently, GL extract has been used in the preparation
of jelly with pectin and was subjected to mass spectrometry analysis, which verified the
presence of quercetin, gallocatechin, esculin, 3-sinapoylquinic acid, ellagic acid, gallic
acid, and citric acid that are responsible for antioxidant and antimicrobial properties.
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Additionally, the addition of GL did not cause any change in the texture properties of the
jelly [102]. The potentiality of GL as a functional immunostimulant ingredient in fortified
foods, owing to the presence of a high level of antioxidant and phenolic compounds, was
also studied in detail [7]. Another study on the evaluation of food–drug interactions of
guava leaf tea (GLT), which is a functional food and beverage that is commercially available
in Japan, showed no possibility of interactions between GLT and medicines, indicating the
safety of GLT in terms of food–drug interactions. Borderline diabetics, who are at high risk
of the development of diabetes, take GLT to suppress a rapid increase in blood sugar level
after meals. GLT consists of carbohydrate and dietary polyphenols which bind to digestive
enzymes and are known to contribute to health through poor absorption of dietary sugar
or lipids [103]. Furthermore, a recent report that studied herbal tea also stated that guava
tea showed no interaction with medicine [104]. Another study on the addition of yellow
strawberry GLs with abundant phenolic and flavonoid compounds in the diet of laying
hens showed antimicrobial and antioxidant effects which could enhance the quality of
eggs through the mechanism of inhibiting the pathways of the enzyme cyclooxygenase
(COX), which plays a fundamental role as an inflammatory mediator [105]. In addition, the
natural antioxidants present in GLs after fortification in fresh pork sausage were found
to be effective in decelerating the process of lipid oxidation in the fresh pork sausage [63].
These examples indicate that GL is an excellent source of active compounds for functional
ingredient additives in foods, without altering the rheological and sensory properties.

5. Conclusions and Future Perspectives

GLs are documented as a source of natural compounds that are readily available.
GL extracts have been extensively studied for their high levels of antioxidant, anticancer,
hypoglycemic, and other biological activities. The rich presence of minerals and proteins,
as well as vitamins, in GLs promote their utilization as a direct source of nutrients. The
presence of numerous bioactive chemical compounds in GLs have been reported to enhance
and stabilize different physiological and metabolic functions in the human body. GL also
contains many secondary metabolites, such as flavonoids, triterpenoids, sesquiterpenes,
glycosides, alkaloids, saponins, and other phenolic compounds. These compounds play
a key role as immune stimulators and modulators of chronic diseases including diabetes,
cancer, and gastrointestinal, neurodegenerative, and cardiovascular diseases. GL essential
oil also has antioxidant, antimicrobial, and antiproliferative activity. GL extracts that
contain high concentrations of vitamin E, flavone (apigenin), or β-caryophyllene show
significant antiproliferative activity against colon carcinoma and various forms of human
cancer. GL therefore has peculiar characteristics and pharmaceutical and medicinal profiles
that promote diverse applications as an essential plant component in medicinal research
and a low-cost ingredient in foodstuffs. Furthermore, as an ingredient of plant origin, GL
may help in mitigate drug resistance, which is a major problem for the pharmaceutical
industry and also can be utilized as a functional food ingredient, which are in high demand.
Thus, guava extract with its multiple medicinal properties needs to be further developed
for wider applicability. In future studies, the identification and isolation of new chemical
components for the development of specific products will be the key research area.
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Abstract: Legumes have been consumed since ancient times all over the world due to their easy
cultivation and availability as a low-cost food. Nowadays, it is well known that pulses are also a good
source of bioactive phytochemicals that play an important role in the health and well-being of humans.
Pulses are mainly consumed after processing to soften cotyledons and to improve their nutritive
and sensorial characteristics. However, processing affects not only their nutritive constituents, but
also their bioactive compounds. The final content of phytochemicals depends on the pulse type
and variety, the processing method and their parameters (mainly temperature and time), the food
matrix structure and the chemical nature of each phytochemical. This review focuses on the changes
produced in the bioactive-compound content of pulses processed by a traditional processing method
like cooking (with or without pressure) or by an industrial processing technique like extrusion, which
is widely used in the food industry to develop new food products with pulse flours as ingredients. In
particular, the effect of processing methods on inositol phosphates, galactosides, protease inhibitors
and phenolic-compound content is highlighted in order to ascertain their content in processed pulses
or pulse-based products as a source of healthy phytochemicals.

Keywords: pulses; autoclaving; extrusion; galactosides; phytates; protease inhibitors; phenols

1. Introduction

Pulses, which are the dry seeds, separated from their pod, of the Leguminosae family,
have been cultivated and consumed for centuries as a staple food for humans. The most
common pulses consumed by humans around the world are peas, lentils, beans, soybeans,
faba beans, lupins, cowpeas and mung beans [1–3]. From a nutritional point of view,
they are highly valuable foods since they are high in protein (17–50%), slow-digestion
carbohydrates (0.4–55%) and dietary fiber (3–15%), and low in fat (0.8–6.6%) (except the
oil seeds: soybeans, peanuts and some lupins) [1–3]. Their proteins complement those
of cereals well and are gluten-free, being a food of choice for celiacs; furthermore, the
demand for pulses has increased recently since more people such as vegetarians, vegans or
flexitarians are looking for alternative sources of animal proteins [4,5]. Pulses are cheap,
easy to prepare, versatile and in many cases, non-perishable [6]. The growing interest in
pulses as both nutritious and healthy foods, led the WHO/FAO to declare 2016 as the
“International Year of Pulses” [7], with its main objective to raise awareness of the multiple
varieties and benefits of pulses for food security, nutrition, health and environment, and
to encourage consumption. In addition, the dietary guidelines of many countries [8]
recommend the consumption of 2.5–3.5 cups of pulses per week as part of a healthy diet.

In addition to nutritive compounds, pulses contain numerous phytochemicals, tra-
ditionally considered as anti-nutritional factors, and in recent decades as non-nutritional
components; although most of them are non-toxic for humans, they can produce some
discomfort (e.g., flatulence) and interfere with protein digestibility and the bioavailability
of some nutrients such as minerals [3,6,9]. However, nowadays these phytochemicals are
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well recognized as bioactive compounds able to exert a beneficial/healthy effect when
ingested on a regular basis, reducing the incidence of several chronic diseases such as type
2 diabetes, cardiovascular diseases or some types of cancer; thus, pulses are recognized as
functional foods [6,9]. These health effects may be associated with more than one bioactive
compound, and synergistic combinations may exist [3,6,9,10]. These bioactive substances
are not equally present in all legumes (seeds and varieties); for example, the common
bean shows the highest levels of lectins, while soybean is rich in trypsin inhibitors, and
peas contain higher amounts of α-galactosides [9,11]. According to different authors [3,9],
depending on the compound, its concentration in the food, the time at which it is con-
sumed and its interaction with other food matrix components, these compounds can
act as anti-nutrients or as bioactive compounds Therefore, depending on the compound,
it may be desirable to reduce or increase its content but not remove it completely from
food products [3,9,11]. It is noteworthy that processing of pulses or pulse-based mixtures
can also increase, reduce/inactivate or produce minor changes in the content of other
non-nutritive components such as protease inhibitors, galactosides, lectins, phenols or
phytates [1,5,12–16]. Although the beneficial effects of these components mainly depend on
their bioavailability in the gut, and since there currently is not a recommended daily intake
of bioactive compounds, it would be of great interest to know the level of each bioactive
compound to be consumed in the processed foods, because processing can disrupt the food
matrix, making phytochemicals more or less bioaccessible [17].

There are a number of processing techniques available, such as soaking, dehulling, ger-
mination, malting, fermentation, cooking, autoclaving, microwaving, roasting or extrusion,
that make it possible to achieve the suitable nutritional and organoleptic characteristics of
pulses, as well as to improve the content of bioactive compounds in comparison with the
raw products. Different processing methods can affect, to a different extent, the content
of a specific compound. Soaking is very effective in reducing water-soluble compounds
such as oligosaccharides and some phenolic compounds. Germination reduces phytic
acid effectively, while cooking is more effective in reducing bioactive compounds that are
heat-labile, such as protease inhibitors and lectins [9]. In relation to the phytochemical
content of the processed pulses, there is a great variability in the literature on the data
for the same processing method [5,9,12,18–20]. For example, for a specific compound,
some authors report contradictory findings. In general, the final effect of a processing
method depends on the pulse type and variety, the processing parameters (mainly amount
of water, temperature and time), the food matrix structure, the chemical nature of each
phytochemical and the presence of additional compounds that may protect each other
during processing [3,9,11,21].

Although different review papers can be found in the literature on the content of
several bioactive compounds in pulses [9–11,22,23], reviews focused on the bioactive-
compound content in processed pulses or in pulse-based foods are scarce, and their content
is more limited than the present review, since some of them are concerned only with one
type of treatment (for example, boiling), or in one type of bioactive compound (mainly
phenolic compounds), and to the best of our knowledge, there are no reviews about the
cold extrusion process [11,17,21,24].

This review is focused on the changes produced in the bioactive phytochemical
content of pulses processed either by a traditional processing method such as cooking
with pressure either domestically or industrially, or by industrial processing techniques
like extrusion/cooking or cold extrusion, which are widely used in the food industry to
develop new food products with pulse flours as ingredients. In particular, the effect of
the processing method on some of the bioactive phytochemicals present in pulses (inositol
phosphates, galactosides, protease inhibitors and phenolic compounds) is highlighted
in order to ascertain the content of these bioactive compounds in processed pulses or
pulse-based products as a source of healthy phytochemicals.
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2. Methodology

The methodology followed in the elaboration of this systematic review first included
first the selection of the topics addressed (Figure S1). For this, domestic and/or industrial
processing techniques were taken in consideration. Second, the most common bioactive
compounds (α-galactosides, myo-inositol phosphates, protease inhibitors and phenolic
compounds) present in the legumes usually consumed and related to healthy roles were
chosen. With the information obtained about these specific issues, the structure of this
review is as follows: (i) content of some bioactive compounds in raw pulses and their
health effect in humans; (ii) effect of autoclaving on the bioactive compounds of pulses;
(iii) effect of extrusion/cooking on the bioactive compounds of pulses; and (iv) effect of
cold extrusion on the bioactive compounds of pulses.

After establishing the subject of study (autoclaved, extruded legumes and bioactive
compounds), a search was conducted on different scientific databases: SciELO, Science
Citation Index, Science Direct, Google Scholar, Medline and Mendeley, and thanks to
cross-references, some papers were found and reviewed. Although no restriction was
applied for the publication dates, almost all the records identified (85%) corresponded to
papers in the last 20 years, and only 15% of the records corresponded to papers published
from 1980 to 2000. For each topic, appropriate keywords were used to search for relevant
papers. Terms such as phytochemicals, bioactive compounds, the specific name of the
phytochemical (α-galactosides, myo-inositol phosphates, protease inhibitors and phenolic
compounds), the names of the specific processing method (autoclaving, extrusion/cooking,
cold extrusion), canning, snack, pasta and the names of the most common legumes con-
sumed were used as keywords in all possible combinations during the paper-identification
step. The results of this search showed that the effect of processing on bioactive compounds
of legumes should be organized by taking into account three main factors: the processing
procedure, the type of bioactive compound and type of legume. After the search step, some
papers were excluded based on the following criteria: (i) record duplicates, (ii) age (before
2000, except those papers that include relevant information that was not reported in more
recent papers), (iii) missing information about the processing conditions, and (iv) no clear
information about the effect of the processing, making the comparison to the results of
other papers difficult. The quality assessment of data was evaluated, taking into account
the accessibility of the publication, studies relevant in the area and cited by many other
authors, papers that studied more than one phytochemical and papers that evaluated the
processing method effect in interaction with more than one other factor (temperature, time,
cultivars or the presence of other materials/ingredients). In the case of papers considering
more than one treatment or more than one legume, data were considered separately. Fi-
nally, 164 research papers (Figure S1) about the phytochemical content on legumes and
comparing the effect of autoclaving, extrusion/cooking and cold extrusion on the main
bioactive compounds present in legumes (galactosides, myo-inositol phosphates, protease
inhibitors and phenolic compounds) were selected. Among these, 143 papers corresponded
to studies published in the last 20 years. Data were summarized in tables reporting, for each
processing method and legume or their mixtures, the content of each bioactive compound
and the effect of the processing treatment on each compound and the source of the data.

3. Content of Some Bioactive Compounds in Raw Pulses and Their Health Effects in
Humans

3.1. α-Galactosides

The most common oligosaccharides in pulse seeds are α-galactosides or the raffinose
family of oligosaccharides (raffinose, stachyose, verbascose and ajugose), raffinose and
stachyose being the most ubiquitous sugars. Some authors [3,5,6,9,10,23] have reviewed
the content of α-galactosides in different seeds and varieties, ranging from 0.4 to 16.1%
(dry matter—d.m). Singh et al. [11] reported that lentils presented the lowest amount of
total galactosides (37.5 mg/g), followed by faba beans (52.0 mg/g), beans (60.9 mg/g)
and peas (66.3 mg/g). Muzquiz et al. [9] reported concentrations of raffinose, ciceritol,
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stachyose and verbascose in different varieties of Spanish beans, peas, chickpeas, faba
beans, soybeans and lupins; raffinose ranged from 1.0 mg/g in Phaseolus vulgaris var.
Palmeña to 33.15 mg/g in Lupinus mariae-josephi; stachyose varied from 9.22 mg/g in Vicia
faba var. Alameda to 59.08 mg/g in Lupinus albus var Multolupa. Verbascose was not
detected in the reported chickpeas, the highest amount being found in Pisum sativum var.
Luna (50.25 mg/g). Another α-galactoside is ciceritol, an α-D-digalactoside of pinitol that
does not belong to the raffinose family of oligosaccharides. It is not present in all pulses,
and its amount ranged from 1.61 mg/g to 29.65 mg/g in pea var. Iceberg and chickpea var.
Duraton, respectively.

The α-galactosides are not digested or hydrolyzed by humans. However, they are
fermented by colonic bacteria with the production of hydrogen, carbon dioxide, methane
and short-chain fatty acids (SCFA), mainly butyric and propionic. While the gases produced
are responsible for flatulence, bloating and diarrhea, the SCFA are mainly related to the
prebiotic effect associated with the α-galactosides, promoting the growth of beneficial gut
microflora (bifidobacterias and lactobacilli) and reducing the enterobacteria population.
α-Galactosides have also been shown to help in normalizing bowel function, reducing
potentially carcinogenic compounds (such as N-nitroso compounds), and enhancing the
immune system and increasing resistance to infection [3,9,11,25]. In addition, it has also
been reported that propionic acid reduces serum cholesterol, helping to reduce the risk
of cardiovascular diseases, and butyric acid induces apoptosis and stops the growth
and differentiation in colon cancer cells [3,9,11]. Despite there not being a recommended
dietary intake for α-galactosides, Martinez-Villaluenga et al. [25] documented that a dose of
3 g/day of α-galactosides produces an increase in the intestinal bacteroides, bifidobacterias
and eubacteria without any flatulence discomfort.

3.2. Myo-Inositol Phosphates

Phytate (IP6) or myo-inositol hexakisphosphate is the main form of phosphorous
storage in pulse seeds (up to 75% of total seed phosphorous), and is stored as salts (phytate–
mineral complex) or bound with proteins or starch [3,9]. According to the literature, the
total content of inositol phosphates ranges from 0.2 to 2.34% [3,9–11,23], and as described
above for α-galactosides, the amount of inositol phosphates varies between species and
varieties, as well as with the soil phosphorous [26]. Sparvoli et al. [3] reported that varieties
of peas (3.1–7.1 mg/g), chickpeas (2.8–13.6 mg/g), lentils (2.5–12.2 mg/g) and mung
beans (1.8–5.8 mg/g) contain relatively lower amounts of IP6 than those of common beans
(3.4–28.7 mg/g), faba beans (5.9–15.0 mg/g) and soybeans (4.8–20.1 mg/g). Muzquiz
et al. [9] reported the total inositol phosphate content in different varieties of some Spanish
legumes, the average content being 0.4% in beans, 0.75% in faba beans, 0.6% in chickpeas
and beans, 0.7% in lupins and 1.2% in soybean varieties.

In general, phytate, myo-inositol hexaphosphate or IP6 has been considered as an
antinutrient that interferes with nutrient (mineral, protein and starch) digestibility and
bioavailability [27]. However, this mechanism of action also produces health benefits. As
IP6 binds starch and the calcium necessary for α-amylase activity, the starch digestibility
is reduced, improving the glycaemic response of pulses and the management of diabetes
type 2 [3,23]. Due to its mineral-binding capacity, IP6 has been linked with other beneficial
health effects, such as the prevention of kidney stone formation, the prevention of cavities
and plaque in teeth and protection from demineralization. It has been also reported that a
diet with 1% sodium phytate added can control hypercholesterolaemia and atherosclerosis,
and can reduce the risk of colon cancer and improve irritable bowel syndrome [22,28].
Further, it has been reported that the lower phosphorylated forms (IP5–IP3) can promote
the absorption of minerals and show strong antioxidant and anti-inflammatory activities,
inducing apoptosis and normalizing abnormal cell proliferation [3,9,22,23]. In addition,
some authors [29,30] have reported that iron absorption can be improved when IP6 is
below 10 mg/g protein in one serving dose.
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3.3. Protease Inhibitors

Protease inhibitors in legumes belong to the Kunitz and the Bowman–Birk families,
and both are capable of inhibiting trypsin and chymotrypsin enzymes. There is a high
number of isoforms of both inhibitors that vary with the legume species and variety [31].
The trypsin inhibitor content ranges from 5.75 to 15 trypsin inhibitor units (TIU)/mg in
peas, from 5 to 10 TIU/mg in faba beans, from 12.60 to 19 TIU/mg in chickpeas, from
3 to 8 TIU/mg in lentils and from 8.57 to 83.70 TIU/mg in soybeans [9,19]; while the
chymotrypsin inhibitor content varies from 2.19 chymotrypsin inhibitor units (CIU)/mg
in Vicia narbonensis to 17.30 CIU/mg in bean var. Riñón, but is not detected in soybean
var. Ostrumi [9,10]. Protease inhibitors have a negative effect on animal growth due to the
inhibition of gut protein digestion. However, in a Western diet, there have not been any
reported toxic problems related to the intake of these compounds, mainly because pulses
are cooked prior to consumption and protease inhibitors are thermal-labile compounds.
Over the past two decades, different studies [3,6,9,22,23,32,33] have shown that protease
inhibitors are effective in preventing or reducing colon, lung, liver, prostate and breast
cancer progression. Sánchez-Chino et al. [23] reported that some possible mechanisms
of action are: (i) the reduction of protein digestibility reduces the availability of essential
amino acids for the cancer cells; (ii) the protease inhibitors act as insoluble dietary fiber able
to absorb carcinogens (such as free radicals) in the gut; and (iii) the inhibiting of proteases
produced by cancer cells. Even though there is not a recommended amount of protease
inhibitor consumption, it is important to note that the traditional Japanese diet contains
about 420 protease inhibitor units/day; further, it has been reported that the consumption
of the purified protease inhibitor at 25–800 CIU per day during a period of 12 weeks exerted
a protective effect against cancer development, and doses of up to 2000 CIU/day did not
cause health problems in humans [9–11,22,32–36].

3.4. Phenolic Compounds

Pulses are rich in phenolic compounds and include different subcategories such as
tannins, flavonoids, isoflavones, phenolic acids (such as caffeic, ferulic, sinapic and p-
coumaric acids) and anthocyanins. Many of these compounds are located in the seed
coat and are responsible for seed color, and are related to the taste and flavor of seeds.
In general, the darkest legume varieties tend to have higher amounts of phenolic com-
pounds than the light seeds/varieties [3,11,37,38]. Even though a great variability in the
phenolic content can be found due to the different methods used in their extraction and
quantification (spectrophotometrically or by HPLC (high-performance chromatography)),
in general, a high variability can be found among legumes and varieties [5,24,38–42]. For
example, among beans, there can be found values from 0.3 mg/g of phenolic compounds in
white varieties to 12.6 mg/g in black varieties; peas show values from 0.6 to 2.7 mg/g and
chickpeas from 0.6 to 2.7 mg/g [19]. Pedrosa et al. [5] reported that the raw Curruquilla
bean, a cream-colored variety, shows a higher content of total phenols and anthocyanins
(2.70 mg/g and 40.10 μg/g) than the Almonga bean (2.38 mg/g and 38.47 μg/g), a white
variety. Some authors [24,41] reviewed the phenolic content of various legume seeds and
documented contents from 11.2 to 48.3 mg/g in dry beans, from 117.8 to 157.6 mg/g in
different faba bean genotypes, from 4.9 to 68 mg/g in lentils and from 0.98 to 183 mg/g in
chickpeas. Condensed tannins are associated with an astringent taste, as well as with some
anti-nutritional effects due to their ability to bind and precipitate proteins, reducing their
digestibility. However, from a health point of view, different studies found in the literature
report phenolic compounds as bioactive molecules with antioxidant, antimicrobial, anticar-
cinogenic, immunomodulating, cardio-protective, anti-hypertensive and anti-inflammatory
properties, lowering the risk of colon cancer and osteoporosis [6,10,22,38,41]. Most of these
actions are linked to the antioxidant and antiradical activities of the different phenolic
compounds. In general, antioxidant activity is positively correlated with total phenolic con-
tent [41]. Cardador-Martinez et al. [43] reported that white beans possess low antioxidative
activity in comparison to black, brown and red bean varieties. As documented in some re-
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views [11,41], different authors related this high antioxidant activity to pro-anthocyanidins
or condensed tannins, as well as to flavonoid content, and concluded that pulses can be
a useful natural source of antioxidants. Zhang et al. [44] reported that lentil phenols also
inhibit glucosidase and lipase, and would therefore contribute to controlling blood glucose
levels and obesity in humans. In spite of these health benefits, there is not in fact a recom-
mended daily intake of phenolic compounds, mainly due to the differences in their total
intake for the overall population; however, some reports recommend a minimum daily
dose of 300 mg of total phenolic compounds to benefit from their health properties [45].

4. Effect of Autoclaving on the Bioactive Compounds of Pulses

Forty-eight papers about the effect of the autoclaving on legume phytochemicals
have been consulted for this review. Nine papers evaluated the effect on α-galactosides;
15 papers were about the effect on inositol phosphates content; 18 papers were about the
effect on trypsin inhibitor activity and 25 were the effect on phenolics compounds and their
antioxidant activity.

4.1. Autoclaving Process

Autoclaving (cooking with pressure) is a thermal process usually undertaken at home
in a pressure cooker and by the food industry in an autoclave to prepare pulses for human
consumption. It is an alternative to boiled legumes, which require cooking in water for
very long time. A processing technique such as autoclaving reduces the cooking time and
promotes pulse consumption by providing products that are quickly prepared and easy
to use.

Autoclaving is a high-pressure cooking technique that uses high temperature and
pressure over a short period of time. It is a high-intensity thermal method used in industry
to produce tinned legumes commercially. The autoclave is a pressure chamber that operates
at 1.8 to 2.0 bar and works by subjecting the item to pressurized saturated steam at 121 ◦C.

The autoclaving parameters of pressure, temperature and time vary from 15 psi, 116 ◦C
to 127 ◦C and from 10 to 60 min, respectively. This processing affects the nutritional and
antinutritional composition of legumes in different ways. Khatoon et al. [46] reported that
pressure cooking of eight whole legumes did not affect the nutrient composition. The mean
of in vitro protein digestibility of these pressure-cooked legumes was 79.8%, a higher
percentage than for raw materials or even when other cooking techniques were applied,
such as microwaving. However, Pedrosa et al. [5] observed significant differences in the
nutritional composition of two industrial tinned bean varieties (P. vulgaris var. Almonga
and var. Curruquilla): increasing protein (>7%) and dietary fiber (>5%); and decreasing fat
(>16%), carbohydrate (>15%) and, in general, mineral content (P, Mg, Ca, Fe and Zn) after
treatment at 116 ◦C for 42 min. In autoclaved (121 ◦C) chickpea for 35 min [47], and faba
bean [48] for 30 min, similar effects on nutritional composition were observed, except
on protein content, which did not change, nor their amino acid composition. However,
in vitro protein digestibility and quality increased with autoclaving [47]. The increment
of protein digestibility by autoclaving may be due to the heat-denaturation of protein,
and reduction or even abolition of bioactive compounds/anti-nutritional factors such as a
trypsin inhibitor, tannins and phytic acid. In addition, autoclaving reduced the B-vitamin
content of legumes [46–48]. Finally, it should be noted that autoclaving was the most
effective in reducing or even abolishing allergenicity in lentil, chickpea and lupin [49,50].
Consumption of tinned beans reduced metabolic risk factors associated with obesity [51],
and may be used in a renal patient diet [52]. Autoclaving can also affect the content of
the bioactive compounds/anti-nutritional factors present in raw materials, increasing
or decreasing their contents, mainly depending on the raw material and the extrusion
parameters. Moreover, as has been stated previously in this review, in many cases the
elimination of some phytochemicals is not desirable, because small amounts are able to
produce beneficial health effects against different chronic diseases.
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The effect of autoclaving on the content of the different bioactive phytochemicals
reviewed is shown in Table 1.

Table 1. Content of different bioactive compounds (α-galactosides, inositol phosphates, protease inhibitors, phenolic
compounds and antioxidant activity) in autoclaved legumes.

Legumes
Autoclaving
Conditions

α-Galactosides Inositol Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

Adzuki bean 121 ◦C; 15 min 0.10 TIU/mg
↑ [53]

Pre-soaked bean
(two vars.) 116 ◦C; 42 min 30.2–24.25 mg/g ↓ 10.59–10.53 mg/g ↓ 0.47–0,43

TIU/mg ↓
Total phenols:

9.65–11.80 μg/g ↓
ORAC:

16.03–16.03
μmol TE/g ↓

[5]

Pre-soaked pinto
bean 116 ◦C;10–30 min 46.9–57.6 g/100 g ↑ [54]

Unsoaked
kidney bean
(three vars.)

121 ◦C; 30 min 0.55–0.65 g/100 g ↓ 6.94–8.43 mg/g ↓ n.d. * ↓ Tannins: 1.51-14.37
mg/g ↓ [55]

Pre-soaked
kidney bean
(three vars.)

121 ◦C; 30 min 0.36–0.49 g/100 g ↓ 6.59–8.90 mg/g ↓ n.d. ↓ Tannins: 1.34–12.91
mg/g ↓ [55]

Wild and
cultivated

Mexican bean
20 min 60.4 mg/g (mean) ↓ 8.7 mg/g (mean) ↓ [56]

Brazilian bean
(eight vars.) 121 ◦C; 15 min 0.48–1.00

TIU/mg ↓ [57]

Pre-soaked
Brazilian bean

(five vars.)
121 ◦C; 15 min n.d. ↓ [57]

Pre-soaked
kidney, pinto,

black and
borlotti bean

115 ◦C; 20 min
Total phenols:
0.38–0.94 mg
GAE/100 g =

DPPH: 2.29–5.20
μmolTE/g =

ABTS: 0.41–1.56
μmol TE/g =

FRAP: 4.24–7.91
μmol TE/g ↓

[58]

Bean
(two vars.) 121 ◦C; 7–12 min

Total phenols:
77.1–78.6 mg
GAE/100 g ↓

[59]

Pre-soaked
chickpeas 121 ◦C; 35 min 2.27 g/100 g ↓ 0.71 g/100 g ↓ 0.44 TIU/mg

protein ↓
Tannins: 2.42 mg/g

↓ [47]

Whole chickpea
(five cvs.) 120 ◦C; 60 min 112–335 mg/100 g ↓ [60]

Dehulled
chickpea
(five cvs.)

120 ◦C; 60 min 105–241 mg/100 g ↓ [60]

Chickpea 121 ◦C; 15 min 0.10 TIU/mg ↑ [53]

Dolichos lablab
(Vulgaris var) 121 ◦C; 15–45 min 452–482 mg/100 g ↓ 0.85–2.36

g/100 g ↓

Tannins: 0.05–0.13
g/100 g ↓

Total free phenols:
0.22–0.98 g/100 g ↓

[61]

Pre-soaked faba
bean 120 ◦C; 30 min 1.43 g/100 g ↓ 0.23 g/100 g ↓ 0.35 TIU/mg ↓ Tannins: 0.58 g/100

mg ↓ [48]

Unsoaked
faba bean (white

and green)
121 ◦C; 15 min 8.90–9.27 mg/g ↑ 0.46–1.23

mg/g ↓
Tannins: 4.72–6.51
mg/g ↑ in green; ↓

in white
[62]

Pre-soaked faba
bean (white and

green)
121 ◦C; 15 min 5.12–9.21 mg/g ↓ in

green; ↑ in white
0.74–1.86
mg/g ↓

Tannins: 2.21–4.02
mg/g ↓ [62]

Pre-soaked faba
bean

(three genotypes)
115 ◦C; 20 min

Total phenols:
0.7–1.9 mg

GAE/100 g ↓

DPPH: 4.6–9.9
μmol TE/g ↑

TEAC: 8.35–11.25
μmol TE/g ↓

ORAC:
20.54–33.25μmol

TE/g ↓

[63]

Hyacinth bean 121 ◦C; 15 min 0.23 TIU/mg ↑ [53]

Pre-soaked lentil 121 ◦C; 35 min 1.42 g/100 g ↓ 2.4 g/ g ↓ 0.19 TIU/mg ↓ Tannins: 0.82 g/100
g ↓ [64]
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Table 1. Cont.

Legumes
Autoclaving
Conditions

α-Galactosides Inositol Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

Lentil
(two vars.) 121 ◦C; 7 min

Total phenols:
318.3–533.4 mg
GAE/100 g ↓

[65]

Lima bean 121 ◦C; 10–20 min 8.89 mg/ g ↓ n.d. ↓ Tannins: 0.23–0.32
g/100 g ↓ [66]

Black-eyed pea 121 ◦C; 15 min 0.22 TIU/mg ↑ [53]

Pea
(two vars.) 121 ◦C; 12 min

Total phenols:
80.0–162.1 mg
GAE/100 g ↓

[59]

Pigeon pea 121 ◦C;15 min 0.41 TIU/mg ↑ [53]

Mung bean 121 ◦C; 15 min 0.11 TIU/mg ↑ [53]

Soybean 121 ◦C; 15 min 0.09 TIU/mg ↑ [53]

Pre-soaked
soybean 115 ◦C; 20 min Total phenols: 0.71

mg GAE/100 g ↓

DPPH: 0.91μmol
TE/g ↓

ABTS: 0.27 μmol
TE/g ↓

FRAP: 2.18 μmol
TE/g ↓

[58]

* n.d. not detected; TIU: trypsin inhibitor units; GAE: gallic acid equivalents; ORAC: oxygen radical absorbance capacity assay; DPPH:
2,2-diphenyl-1- picrylhydrazyl assay; TEAC: Trolox equivalent antioxidant capacity assay; FRAP: ferric reducing antioxidant power assay;
ABTS: free radical scavenging ability assay; TE: Trolox equivalents; ↑: increase; ↓: decrease; =: no change.

4.2. Autoclaving Effect on the α-Galactosides of Pulses

Autoclaving has been reported to be a more effective heat process in reducing α-
galactosides, particularly when processed broths are discarded by leaching them through
soaking and also into the canning solutions [54]. The pressure applied during this process
forces water into the seeds, increasing the extraction of α-galactosides during cooking [67].

In soaked pinto beans (P. vulgaris), autoclaving at 115 ◦C for 30 min resulted in a more
effective heat process in reducing α-galactosides, even with cooking for 90 min. Autoclaving
for a shorter time (10 or 20 min) also significantly reduces oligosaccharides (46.9% and
49.4%, respectively), particularly stachyose (50.1% and 51.8%, respectively) [54]. Autoclaving
(116 ◦C, 42 min) of beans var. Almonga and Curruquilla was less effective in reducing α-
galactosides (25.11% and 39.42%, respectively), with stachyose again reducing more than
raffinose, particularly in Curruquilla (50.26%) [5]. Shimelis and Rakshit [55] found that a
combination of soaking (in water or NaHCO3) and autoclaving caused a significant reduction
in stachyose (75.81–77.72%) and raffinose (64.71–72.41%) contents of var. Roba, var. Awash
and var. Beshdesh kidney beans, and the combined effect was significantly higher than
autoclaving (lower than 62.5% reduction in raffinose and 71.2% in stachyose) or soaking
alone. However, it was necessary to combine sprouting for more than 48 h and autoclaving
to abolish or completely eliminate α-galactosides in these varieties of bean seeds. Similar
results were found when lentils, previously soaked, were autoclaved at 121 ◦C for 35 min;
raffinose, stachyose and verbascose were significantly reduced, but reductions were mainly
observed in raffinose (75%) and verbascose (54%) [64]. The same conditions of processing
in chickpea provoked similar reductions in the total α-galactoside content (45.95%), with
a 44.14% reduction in raffinose and 42.97% in stachyose, while verbascose was completely
eliminated after autoclaving treatment [47]. A more effective heat treatment in the reduction of
raffinose (67.44%), stachyose (67.26%) and verbascose (87.40%) in Dolichos lablab var. Vulgaris
was also found to be autoclaving (121 ◦C) for 45 min; shorter durations (15 and 30 min)
provoked fewer reductions (20.93–63.77%) [61]. Stachyose was significantly decreased in faba
beans (21%) through autoclaving for 30 min [48].

In the reviewed studies, without exceptions, autoclaving reduced the α-galactosides
content in legumes between 14 and 77% with respect to those of the raw seeds, corre-
sponding to the lowest reduction to autoclaved beans and faba beans and the highest
reduction to pinto beans. The content of α-galactosides in the autoclaved legumes ranged
from 3.6 mg/g to 30.2 mg/g in different beans, becoming higher when cooking broth was
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not discarded (60.4 mg/g), 27.7 mg/g in chickpeas, from 23.6 mg/g to 8.50 mg/g in D.
lablab (depending on processing time: 15–45 min), and around 14 mg/g in faba beans and
lentils. The interest in ready-to-eat products such as canned legumes is growing, so, taking
into account the remaining α-galactosides content in legumes after this treatment, one
serving dose of autoclaved legume (100 g) could supply 0.36–6.04 g for beans (with and
without broth), 2,27 g for chickpeas, around 1.4 g for faba bans and lentils and 0.85–2.36 g
for D. lablab. Therefore, autoclaved legumes will maintain the prebiotic activity due to
α-galactosides, according to Villanueva et al. [25].

4.3. Autoclaving Effect on the Myo-Inositol Phosphates of Pluses

Autoclaving of legumes affects phytic acid by reducing its content [68,69]. The partial
elimination of this phytochemical can contribute to improving digestibility of proteins and
starch in legumes, which is mainly observed after this cooking treatment [70]. Autoclaving
for 30 min caused significant losses, from 33.72% to 41.61% in phytic acid contents of
lentils [64,71] faba beans [48] and chickpeas [47,60,71], and higher losses (59.98–65.93%)
have been reported in several bean varieties [5,55,71]. Even autoclaving lima beans for
20 min caused the complete removal of phytic acid content [66].

In addition, the phytate phosphorous contents of the lima bean and five different
chickpea cultivars were reduced after autoclaving [60,66]. The increase in total phosphorus
after autoclaving (120 ◦C) of chickpea for 60 min demonstrated that phytic acid was
hydrolyzed or decomposed during this processing [60]. Phytic acid (IP6) was the main form
that was detected in raw and industrial tinned beans var. Almonga and var. Curruquilla,
with about 61% reductions after autoclaving at 116 ◦C for 42 min, and the contents of less
phosphorylated forms (IP5 and IP4) and IP3 were detected only in tinned beans [5]. Similar
reductions in phytic acid content were found in other varieties of kidney beans after cooking
at 121 ◦C for 30 min (var. Roba, var. Awash and var. Deshbesh) by Shimelis et al. [55].
Soaking of these beans provoked a significant decrease in their phytic acid content (>17%);
however, no differences between the reducing effect of autoclaving without soaking and
with previous soaking (in water or NaHCO3) were observed. Soaking could contribute to
reducing total IP content by leaching during processing and by activation of endogenous
phytases; additionally, cooking also contributes by formation of insoluble complexes
between phytate and other components [72]. In fact, when the autoclaved bean seeds were
analyzed with their corresponding broth, the percentage losses of phytic acid were lower
(24.6%) than when the broths were discarded [56]. In contrast, Wang et al. [73] reported
that soaking (in water) of six pea (P. sativum) varieties did not cause significant reductions
in phytic acid content (1.2–1.6%). Autoclaving was more effective in reducing phytic
acid content than cooking, but it was necessary to combine autoclaving and sprouting to
eliminate phytic acid content. The breakdown of phytate during germination is attributed
to the increased activity of the endogenous phytase [55]. Myo-inositol phosphate content
in legumes was reduced by autoclaving (2–100%) depending on the legume type and the
processing time, except in unsoaked faba beans and pre-soaked green faba beans [62].
Data evaluated in 15 reviewed papers showed a reduction in myo-inositol phosphate
content from 53% to 100% for lima beans, from 24% to 66% for beans, from 33% to 46%
for chickpeas, from 24% to 46% for lentils, and from 23% to 41% for faba beans. The
lowest reductions were found for D. lablab (2–8%). Just one reviewed paper showed an
increase of myo-inositol phosphate content, from 4 to 10% in unsoaked green and white
faba beans, and from 7% to 12% in pre-soaked white bean. Taking into account this effect,
one serving dose of autoclaved legumes (100 g) could be beneficial for human health, since
they can supply from 8.89 to 1059 mg inositol phosphates/100 g) [3,9,22,23]. Considering a
protein content around 20%, the autoclaved legumes can supply from 0.44 to 53 mg inositol
phosphates per gram of protein.
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4.4. Autoclaving Effect on the Protease Inhibitors of Pulses

Trypsin inhibitor activity in legumes was reduced, partially or even completely, by
heat treatments, particularly by autoclaving [68,69,74]. The thermostability of the protease
inhibitor in legumes depends on legume sources, and also processing conditions such
as pH, humidity, time, temperature and pressure [74]. Reactions involving deamidation
splitting of covalent bonds, such as hydrolysis of peptide bonds in aspartic acid residues,
and interchange or destruction of disulfide bonds, might be involved in the thermal in-
activation [75]. Several authors have reported this reduction in trypsin inhibitor activity
provoked by autoclaving (with pre-soaking) in chickpeas (83.87%), beans (94–98%) [4,41],
lentils (80.87%) [64], faba beans (85%) [48]; and even total inactivation of the trypsin in-
hibitor in the seeds of beans [55,57,61], lima beans [66] and faba beans [62,76,77]. Different
effects on the trypsin inhibitor activity by soaking of legumes can be found in the litera-
ture, from significant reduction in soaked kidney beans (6–17%) [55] to even an increase
(3.20–19.30%) in soaked peas [73]. Independent of this fact, the elimination effect of auto-
claving on the trypsin inhibitor activity did not depend on a previous soaking treatment
of kidney beans [55]. Luo and Xie [62] studied the effect of autoclaving combined with
soaking and/or dehulling on green and white faba beans. Autoclaving at 121 ◦C for 20 min
caused a reduction in trypsin inhibitor activity of both faba beans (50.40 and 84.03%),
but combining with dehulling and/or soaking caused an increase of the trypsin inhibitor
activity vs. autoclaved seeds. The increase by dehulling demonstrated that trypsin in-
hibitors are mainly located in the seed cotyledons. In contrast, Choi et al. [53] observed an
increase in trypsin inhibitor activity levels by autoclaving at 121 ◦C for 15 min in the adzuki
bean (Phaseolus angularis), chickpea (Cicer arietinum L.), hyacinth bean (Lablab purpureus
L.), black-eyed pea (Vigna unguiculata L.), pigeon pea (Cajanus cajan L. Millsp.), bambara
groundnut (Vigna subterranea L. Verdc) and soybean (Glycine max L.). The exception was
mung bean (Vigna radiata L.), which showed a 35% reduction.

Autoclaving of legumes resulted in an efficient thermal process in a reduction or even
total inactivation of the trypsin inhibitors (22–100%) except for some underutilized legumes
that, after this thermal treatment, exhibited an increase in their inhibitor activity. It was
necessary to autoclave at 121 ◦C for 30 min to the complete inactivation of trypsin inhibitors
in beans, while it was not possible in faba beans treated under the same autoclaving
conditions (22–85%). These differences could be due to the different isoforms present in
each legumes that can differ even between varieties [31]. Therefore, the efficiency of this
process in the reduction of trypsin inhibitor activity depends on the legume type and
processing time (15–45 min). The low remaining trypsin inhibitor activity exhibited after
autoclaving in legumes included in this review would have a positive effect in human
health (1 to 1.5 TIU/mg) [74].

4.5. Autoclaving Effect on the Phenolic Compounds of Pulses and Their Antioxidant Activity

The phenolic compounds of legumes were significantly affected by autoclaving with
respect to raw materials. However, several authors have reported both an increment [58,78–81]
and a decrease [5,47,48,55,61,64,68,69,78,82–84], depending on the type of legume, condi-
tions and the detection methods used to determine their amount [5]. It is known that high
temperatures provoke polymerization and/or decomposition in the structure of aromatic
rings of polyphenols, which makes their quantification difficult [85,86]. Moreover, contact
with water at high temperatures could increase the solubility of polyphenols, thereby
increasing their release into the cooking water [87]. As more water volume was used for
cooking beans, higher loses of polyphenols were observed [88].

The phenolic content in the lablab bean was reduced under pressure cooking [61,86].
Such reduction can be explained by a lixiviation phenomenon that drives phenols into
cooking water and by their being bound to other compounds, forming insoluble com-
plexes [89]. The percentages of total free phenolic reduction are extended by the duration
of processing, varying from 31% for 15 min to 85% for 45 min, and from 28 to 72% for
tannins [61]. Vijayakumari et al. [84] reported that autoclaving seemed to be the most
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efficient processing for reducing polyphenol and tannin contents of Vigna sinensis and
Vigna aconitifolia seeds compared to soaking and cooking. This loss of phenolic contents by
autoclaving may also be related to the interaction of polyphenols with other components
of seeds, such as insoluble tannin-protein complexes [82]. Pedrosa et al. [5] observed that
different effects after industrial autoclaving (116 ◦C, 42 min) depend on the methods (spec-
trophotometric or HPLC) used to determine the content of total phenols in two varieties
of P. vulgaris (var. Almonga and var. Curriquilla). A drastic reduction (70%) in phenolic
content was observed by HPLC in both tinned beans, while with spectrophotometry, tinned
Almonga showed a significant increase (12%), and tinned Curruquilla a significant decrease
(9%). In addition, according to the HPLC results, industrial processing induces qualitative
changes among varieties and processed vs. raw beans. A lower percentage of reduction
in the total phenolic content of beans (var. Raba and Warta) was observed under shorter
processes (7–12 min) and without previous soaking (26% and 18%, respectively) [59]. The
combination of soaking and autoclaving caused a significant reduction in tannin contents
of kidney bean, and the combined effect was significantly higher than cooking or soaking
alone [55]. Siah et al. [63] found light losses (31– 48%) of phenolic compounds by soaking
V. faba. A decrease also was observed in autoclaved Lens culinaris seeds var. Anita and Tina
(32 and 30%, respectively), and even lower in pea var. Milwa (14%) [59]. A 50% reduction
in tannins was observed in autoclaved lentils and chickpeas autoclaved for 35 min [47,64],
a 60% loss in autoclaved faba beans autoclaved for 30 min [48] and a 35.94% loss in lentils
autoclaved for 35 min [64]. Autoclaving processes (115 ◦C for 20 min, including pre-soaking
for 12 h) of several faba beans (V. faba var. Rossa, Nura and TF (Ic*As)*483/13 line) reduced
total phenolic (35–63%) and flavonoid (33–42%) contents and their antioxidant activity, as
evaluated by different methodologies (ORAC: oxygen radical absorbance capacity assay;
TEAC: Trolox equivalent antioxidant capacity assay; and FRAP: ferric reducing antioxidant
power assay). When these contents were evaluated on the autoclaved seeds separated
from their respective broths, some differences were observed. These contents and their
antioxidant activities in all autoclaved faba beans were lower than their respective broths.
Compared to the cooking process, high pressure (autoclaving) caused more disruption to
seed membranes, which allowed the release of the greater amounts of some components
into the cooking broth. In addition, autoclaving faba beans caused the disappearance of
the less-polar phenolic compounds. Autoclaved beans were also darker in color compared
to cooked beans, suggesting the formation of new compounds as a result of Maillard
reactions [63]. The phenolic content reduction by cooking could be due to either their de-
struction or the formation of new insoluble components with other organic compounds [90].
The leaching of phenols could be influenced by the physical properties of the seeds, such
as size, coat thickness, color, shape and hardness [91]. From a health benefit point of view,
it was recommended that the legume seed be consumed together with the autoclaving
broth. In contrast, several researchers reported that autoclaving increases the total phenolic
content and antioxidant activity in P. vulgaris and G. max [58,80] and in other legumes
(C. arietinum, Lathyrus sativum and Brazilian beans) [79,81]. In different varieties of P. vul-
garis L. (kidney bean, pinto bean, black bean and borlotti bean), pressure cooking (115 ◦C,
20 min, pre-soaking) increased the total phenolic contents, flavonoid and ortho-diphenol
content and antioxidant activity [58]. In soybean, the same pressure cooking modestly
increased the total phenolic content and antioxidant capacity, and substantially increased
the genistein and daidzein content. Discarding the cooking water significantly decreased
the content of total phenols and their antioxidant activity in beans and soybeans. This
suggested that heat could cause destruction of the seed structure, enabling the release of
phenols into the cooking broths, and thereby increasing the extraction efficiency of the used
solvent [58]. In addition, vegetable phenolic compounds are generally bound covalently to
amine functional groups, and therefore heat treatment can hydrolyze them, increasing their
extractability [78]. Osman [83] also reported a significant increase in tannins in heat-treated
D. lablab bean. Amarowicz and Pegg [24] reviewed the profile and content of phenolic
compounds in different legumes and the influence of soaking, boiling, fermentation and
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germination on their content and their antioxidant activity. They documented both in-
creased and decreased total phenol content in boiled or autoclaved beans, lentils or peas.
The DPPH activity was decreased, while the ORAC values of boiled legumes decreased,
but increased in autoclaved legumes. Yeo and Shahidi [42,92] reported the effect of boiling
on total, soluble and insoluble phenolic compounds and on their antioxidant activity in
four lentil varieties. The phenolic content in the boiled samples ranged from 5.50 mg/g to
6.56 mg/g; the highest reduction corresponded to the insoluble phenols, and on average,
the total phenolic compounds were reduced by 13%. The antioxidant activity was mea-
sured by means of DPPH and ORAC activities. Boiling reduced both parameters from 3%
to 39% and from 75 to 17%, respectively.

Autoclaved legumes can be consider a sources of phenolic compounds and tannins,
particularly beans with a tannin content up to 14.37 mg/g, followed by lentils (up to
8.2 mg/g), chickpeas and faba beans (up to 6.10 and 6.51 mg/g, respectively). In the
majority of cited studies, autoclaving reduced the phenolic compounds and tannin content
in legumes (14–84%) with respect to raw materials, except for some types of beans when
they were autoclaved under less drastic conditions (around 115 ◦C). However antioxidant
activity was reduced in some legumes by autoclaving but, on the contrary, in other cases
they increased or were not affected. These different effects may be due to different methods
used to quantify them by the authors cited, other than processing conditions. Despite
these reductions, the inclusion of a serving dose of autoclaved legumes (100 g) in our diet
will provide a certain amount of phenolic compounds to contribute to the recommended
minimum intake of 300 mg/g, and consequently, it would maintain a beneficial effect on
human health related to this kind of compound [38].

5. Effect of Extrusion/Cooking on the Bioactive Compounds of Pulses

Forty-three papers we selected were concerned with the effect of extrusion/cooking
on the bioactive compounds; of these, 13 papers examined the effect on the content of
a-galactosides, 16 studied the effect on myo-inositol phosphates, 10 reported the effect
on protease inhibitors (mainly trypsin inhibitors), 13 examined the effect on the phenolic
compounds (mainly total phenols and tannins) and 10 papers examined their antioxi-
dant activity.

5.1. Extrusion/Cooking Process

There are different processes that allow the inclusion of pulse flours in new food
products with high nutritional values and health-giving attributes. One of these processing
methods is extrusion/cooking, since it is a versatile technology that allows the development
of different food products such as snacks, breakfast cereals, instant soups, sports foods,
baby foods, meat analogues, etc. Extruded products show good nutritional, functional and
sensorial properties able to satisfy the consumer’s demands for nutritious, convenient and
healthy foods adapted to the modern lifestyle [93].

The extrusion parameters used, mainly temperature (<100 ◦C) and moisture (<10%),
shear forces, screw speed (<50 rpm) and pressure generated in the extruder (up to 200 MPa),
help to knead, compress, plasticize and cook the starchy and/or proteinaceous raw materi-
als [94]. When the modified material exits from the die of the extruder, there is an instant
pressure drop that produces a puffing effect; therefore, extrusion/cooking can modify
both the composition and the texture of the raw materials, producing more appealing
foods [19,93]. Depending on the parameters selected, the products obtained can be very
different: directly expanded, indirectly expanded, textured or co-extruded, which include
food products such as ready-to-eat cereals, snacks, infant formulas, textured meat-like prod-
ucts, etc. [95]. In general, these kinds of products are developed with corn or rice starches.
However, these products are considered to be low-nutrition and high-energy-density foods
that may promote obesity, cardiovascular events or metabolic syndromes [96]. The use of
pulses as ingredients in the formulation of these kinds of products is an economic way
to improve their nutritional quality [13]. The high protein and dietary fiber contents of
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pulses make it necessary to optimize the extrusion parameters for each pulse and mixture
used as raw materials. Recently, Pasqualone et al. [19] reviewed the optimal processing
conditions for different legumes to obtain nutritious and well-expanded legume-based
foods or extruded pulse ingredients. From a nutritional point of view, extrusion/cooking
has positive effects, since it causes starch gelatinization, increases the soluble dietary fiber,
reduces lipid oxidation and improves the retention of nutritive components, flavors and
colors of extrudates [96,97]. Extrusion/cooking also affects the content of the bioactive
compounds/anti-nutritional factors present in the raw materials. In the literature, there are
studies that reported either their increase or their reduction, mainly depending on the raw
material and the extrusion parameters; moreover, not all the bioactive compounds were
affected to the same extent under the same extrusion conditions [13,18,37,65,93,98–104].
As has been stated previously in this review, in many cases, the elimination of some phyto-
chemicals is not desirable, since small amounts are able to produce beneficial health effects
against different chronic diseases [3,9,21,105].

The effect of extrusion/cooking on the content of the different bioactive phytochemi-
cals reviewed is shown in (Tables 2 and 3).

Table 2. Content of different bioactive compounds (α-galactosides, inositol phosphates, protease inhibitors, phenolic
compounds and antioxidant activity) in extruded legumes.

Legumes
Extrusion

Conditions
α-

Galactosides
Inositol

Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

Kidney bean
(unsoaked)

140 ◦C and 180
◦C; 18% and

22% moisture
9.64–10.90 mg/g ↓ n.d. *

Tannins: 196–223
mg/100 g ↓

Total phenols:
539–621 mg/100 g ↓

[104]

Kidney bean
(pre-soaked)

140 ◦C and 180
◦C; 18% and

22% moisture
9.53–10.41 mg/g ↑ n.d.

Tannins: 171–190
mg/100 g ↓

Total phenols:
413–494 mg/100 g ↓

[104]

Bean
(four varieties)

120–140 ◦C;
25–30%

moisture

27.75–36.20
mg/g ↑ [65]

Kidney bean
var. Pinto

150–155 ◦C;
20% moisture 37.7 mg/g ↓ 4.71 mg/g

↓
Tannins:2.75 g eq

cat/kg ↓ [106]

Pinto bean

110 ◦C to 163
◦C. 18.8 to

28.95%
moisture

33.3–47.8 mg/g
↑ [107]

Navy and
pinto bean

(pre-soaked)

85 ◦C 36%
moisture

30.45–33.65
mg/g ↓ [108]

Bean
(three

cultivars)

120 ◦C-180 ◦C.
14%-20%
moisture

Total Phenols:
24.12–102.68

mg/100 g

TEAC:
69.26–77.88 μM

Trolox/g ↓
[109]

Canavalia
ensiformis

155 ◦C; 20%
moisture

1.40
TIU/mg [110]

Chickpea
(unsoaked)

140 ◦C and 180
◦C; 18% and

22% moisture
7.33–8.16 mg/g ↓ n.d.

Tannins: 190–245
mg/100 g ↓

Total phenols:
190–245 mg/100 g ↓

[104]

Chickpea
(pre-soaked)

140 ◦C and 180
◦C; 18% and

22% moisture

7.35–8.00 mg/g ↓
= n.d.

Tannins: 195–214
mg/100 g ↑

Total phenols:
270–380 mg/100 g ↓

[104]

Chickpea 160 ◦C; 17%
moisture 26.39 mg/g ↓ [111]

Chickpea
(deffated)

130 ◦C; 14%
moisture

12.6 μmol/g
↓

Total Phenols: 48.7
mg/100 mg ↑ [112]
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Table 2. Cont.

Legumes
Extrusion

Conditions
α-

Galactosides
Inositol

Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

Chickpea
(germinated

and dehulled)

180 ◦C; 16%
moisture

1.33 mg/g
↓

Total phenols: 7.35
mg GAE/g ↑

DPPH: 45.46%
↑ [113]

Faba bean
(unsoaked)

140 ◦C and 180
◦C; 18% and

22% moisture

6.05–6.86 mg/g
↑ n.d.

Tannins: 397–438
mg/100 g ↓

Total phenols:
635–750 mg/100 g ↓

[104]

Faba bean
(pre-soaked)

140 ◦C and 180
◦C; 18% and

22% moisture

4.80–5.00 mg/g
↑ n.d.

Tannins: 362–426
mg/100 g

Total phenols:
618–644 mg/100 g ↓

[104]

Lentil 160 ◦C 17%
moisture 14.02 mg/g ↓ [111]

Split lentils

140 ◦C-160
◦C-180 ◦C;

14%-18%-22%
moisture

0.08–0.57 mg/g
↓

0.013–0.049
TIU/mg ↓

Tannins: 0.011–0.065
mg CE/100 g ↓

Total phenols 2.4–5.1
mg GAE/g ↓

[114]

Pea cv Ballet 145 ◦C-25%
moisture 46.9 mg/g ↑ 11.23 mg/g

↓
0.34 TIU/g

↓

Tannins: 0.02 g
CE/kg ↓

Total Phenols: 0.23
g/kg ↓

[106]

Pea
(unsoaked)

140 ◦C and 180
◦C; 18% and

22% moisture

7.90–8.34 mg/g
↓ n.d.

Tannins: 236–278
mg/100 g ↓

Total phenols:
392–430 mg/100 g ↓

[104]

Pea
(pre-soaked)

140 ◦C and 180
◦C; 18% and

22% moisture
7.14–7.60 mg/g↓ n.d.

Tannins. 200–233
mg/100 g ↓

Total phenols:
343–379 mg/100 g ↓

[96]

Pea 160 ◦C 17%
moisture 23.45 mg/g ↓ [111]

Pea 150–155 ◦C;
20% moisture 46.9 mg/g = 4.10 mg/g

↓
Tannins: 0.02 g

CE/kg ↓ [106]

* n.d. not detected; TIU: trypsin inhibitor units; CIU: chymotrypsin inhibitor units; CE: caechin equivalents; GAE: gallic acid equivalents;
DPPH: 2,2-diphenyl-1- picrylhydrazyl assay; TEAC: Trolox equivalent antioxidant capacity assay; ↑: increase; ↓: decrease; =: no change.

Table 3. Bioactive compounds (α-galactosides, inositol phosphates, protease inhibitors, phenolic compounds and antioxi-
dant activity) content in extruded legume mixtures with other materials.

Legume Mixtures
Extrusion

Conditions
α-Galactosides Inositol Phosphates

Protease
Inhibitors

Phenolic Compounds Antioxidant Activity References

Bean/rice (30/70) 80 ◦C; 14%
moisture 16.59 mg/g Tannins: 7.57 mg/g [14]

Red common bean
(15, 30 and

45%)/corn starch

160 ◦C; 22%
moisture

0.54–2.33 mg/g
↓ n.d. * 40.94–94.82 mg

FAE/100 g ↓

DPPH: 213.93–642.33
μmol TE/100 g ↓

ORAC:
388.69–1527.27 μmol

TE/100 g ↓

[37]

Navy common
bean (15. 30 and
45%)/corn starch

160 ◦C; 22%
moisture

0.56–2.19 mg/g
↓ n.d. 28.27–45.96 mg

FAE/100 g ↓

DPPH: 41.42–126.23
μmol TE/100 g ↓

ORAC: 254.36–584.46
μmol TE/100 g ↓

[37]

Bean/carob/rice
(different formulas:

20–40%/0–
10%/50–80%)

125 ◦C; 20%
moisture

19.73–34.30
mg/g
↑

3.65–6.11 mg/.g ↓ n.d. Total phenols:
0.92–3.25 mg CE/g ↓

ORAC: 8.92–11.89
μmol Trolox/g ↑ [100]

Kidney bean/corn
starch (80/20)

150 ◦C. 20%
moisture

45.63 mg/g
↓

7.08 mg/g
↓

0.25
TIU/mg

↓
[115]
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Table 3. Cont.

Legume Mixtures
Extrusion

Conditions
α-Galactosides Inositol Phosphates

Protease
Inhibitors

Phenolic Compounds Antioxidant Activity References

Black bean with
(0–4%) sodium

bicarbonate

160 ◦C; 20%
moisture

15.2–22.5 mg/g
↑ [116]

Bean/corn (60/40)

from 150 ◦C to
190 ◦C; from

14.5% to 18.0%
moisture

Phenols: 6.46–17.40 mg
GAE/g

CUPRAC: 9.55–37.02
μM Trolox eq/g;

β-carotene
8.94–34.20%

[117]

Chickpea mixed
with starch and

fiber

150 ◦C. 20%
moisture

14.38 mg/g
↓ [111]

Chickpea/corn
starch (80/20)

150 ◦C. 20%
moisture

44.21 mg/g
↓

5.62 mg/g
↑

2.52
TIU/mg

↓
[115]

Chickpea
(germinated and

dehulled) (10–
30%)/corn/tomato

pomace (5%)

180 ◦C; 16%
moisture

1.20–1.00 mg/g
↓ n.d. 9.37–11.11 mg GAE/g

↑
DPPH: 53.82–56.33%

↑ [113]

Fermented chick-
pea/yogurt/locus

bean gum

140 ◦C and 150
◦C; 17%

moisture
6.12–10.38 mg/g↓

2.02–8.82
TIU/mg

↓
Tannins: 0.37–1.03 mg

CE/g ↓ [118]

Faba bean/corn
starch (80/20)

150 ◦C; 20%
moisture

31.66 mg/g
↓

6.25 mg/g
↓

0.44
TIU/mg

↓
[115]

Lentil mixed with
nutritional yeast

160 ◦C; 17%
moisture

33.35–49.55
mg/g ↑ 2.72–3.94 mg/g ↓ 0.20–0.28

TIU/mg ↓ [97]

Lentil mixed with
starch and fiber

150 ◦C. 20%
moisture

12.82 mg/g
↓ [111]

Red lentil
(dehulled)/fiber

(wheat, apple,
nutriose®) (4

different
formulations with
at least 68% lentil)

160 ◦C; 17%
moisture

24.60–42.52
mg/g ↑

1.38–4.62 mg/g
↓ n.d 4.51–9.38 mg GAE/g

↑

DPPH 6.63–63.56
EC50 mg/mL ↓
β-carotene assay
2.66–9.75 EC50

mg/mL ↑ ↓
TBARS: 1.52–4.59

EC50 mg/mL ↓

[119,120]

Lupin/corn starch
(80/20)

150 ◦C; 20%
moisture

83.76 mg/g
↓

5.99 mg/g
↑

0.29
TIU/mg

↓
[115]

Pea/carob/rice
(different formulas:

20–40%/0–
10%/50–80%)

125 ◦C; 20%
moisture

24.80–50.21
mg/g ↑

3.14–4.60 mg/g
↓ n.d*. Total phenols:

2.19–5.55 mg CE/g ↓
ORAC:9.81–12.00
μmol Trolox/g ↑ [18]

Pea mixed with
starch and fiber

150 ◦C. 20%
moisture

38.7 mg/g
↑ [111]

Pea/corn starch
(80/20)

150 ◦C. 20%
moisture

74.63 mg/g
↑

7.86 mg/g
↑

0.24
TIU/mg

↓
[115]

* n.d. not detected; TIU: trypsin inhibitor units; GAE: gallic acid equivalents; eq cat: catechin equivalents; DPPH: 2,2-diphenyl-1-
picrylhydrazyl assay; ORAC: oxygen radical absorbance capacity assay; CUPRAC: cupric reducing antioxidant capacity assay; TBARS:
thiobarbituric acid reactive substance assay; TE: Trolox equivalents; ↑: increase; ↓: decrease.

5.2. Extrusion/Cooking Effect on the α-Galactosides of Pulses

Regarding the extrusion effect on the content of α-galactosides, the results found in the
literature are controversial, since contradictions are reported for pulse extrudates. Moreover,
the different oligosaccharides may be affected in a different way [75]. The extent of these
modifications depends not only on the extrusion parameters, but also on the raw materials
submitted to the processing. Varela et al. [115] studied the changes in total galactoside
content in different pulse/corn starch mixtures extruded at 150 ◦C and 20% moisture.
They reported an increase in the total galactoside content (around 13%) in extruded pea
blends, but a decrease in kidney bean (3%) and faba bean (47%). Verbascose showed a
reduction from 26% (lupin) to 90% (faba bean) after extrusion, while this oligosaccharide
increased by 15% in extruded pea. After extrusion, the stachyose content increased from
11% to 35% (pea and faba beans, respectively), but decreased 15%, 18% and 66% in lupin,
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chickpea and common bean, respectively. On other hand, extruded pea, common bean and
chickpea showed an increase in their raffinose content (23%, 97% and 2%, respectively),
but a reduction was reported for faba bean (61%) and lupin (20%). In general, the observed
increase has been related to the release of carbohydrates from the food matrix due to the cell
damage that occurs during extrusion, which improved the oligosaccharide extraction. A
similar trend was reported by Alonso et al. [106] in comparison to the raw seeds, in which
the content of raffinose, stachyose and verbascose were reduced in extruded kidney bean
at 150 ◦C and 20% moisture; however, in extruded peas (under the same conditions) only
stachyose showed a drop (20%) in its content, and raffinose and verbascose increased their
content (4% and 34%, respectively). These authors reported that some sugars can interact
with proteins (Maillard reaction), resulting in reduced extractability of these sugars, which
may explain the reduction observed after extrusion; whereas hydrolysis reactions that can
occur during extrusion can lead to an increased content of some sugars [99]. Berrios and
Pan [121] reported a reduction of the α-galactosides in extruded black bean, although the
extent of this reduction was different according to the extrusion conditions used; however,
Berrios et al. [116] reported that the extrusion of black bean with different percentages
of sodium bicarbonate (160 ◦C, 20% moisture) did not significantly modify the content
of α-galactosides. Berrios et al. [111] found both an increase and a decrease of raffinose
and stachyose in extruded peas, chickpeas and lentils at 170 ◦C and 17% moisture. In
extruded peas, raffinose and stachyose showed a reduction (52% and 75%, respectively)
compared to the raw seeds; the opposite trend was reported in extruded chickpeas, where
the raffinose and stachyose content increased after extrusion (25% and 33%, respectively).
Ai et al. [65] studied the extrusion effect at 120 ◦C and 25% moisture, and 140 ◦C and
30% moisture, on four bean varieties. All the bean varieties showed the same trend,
with extrudates containing lower amounts of raffinose but higher amounts of stachyose
than the raw samples. Borejszo and Khan [107] reported a reduction of raffinose and
stachyose from 44% to 60% in extruded pinto bean, with a higher reduction at a higher
extrusion temperature (110–163 ◦C). Extrusion of pre-soaked pinto bean seeds at a low
temperature (85 ◦C) and 36% moisture [108] resulted in a 20% decrease in raffinose and
a 10% decrease in stachyose content compared to the raw seeds. The different reduction
trends observed may be due to differences in raffinose and stachyose solubility. Some
authors [18,97,100,103,120] have developed pulse-based snacks fortified with different
fiber sources with good sensorial acceptability. Morales et al. [120] reported that the
snacks formulated with lentils presented a higher α-galactoside amount than those of the
unprocessed mixes, from 2% to 31% depending on the formula ingredients (wheat bran
or corn and apple fibers). This effect could be due to a more effective extraction of sugars
in the extruded food matrix. Verbascose decreased in almost all formulations (from 1%
to 21%), while stachyose and raffinose increased from 4% to 45% and from 8% to 55%,
respectively. This could be due to the partial hydrolysis of the longer oligosaccharide under
the high temperature (160 ◦C) and pressure of the extrusion process, which produced
fewer raffinose family oligosaccharides. Ciudad-Mulero et al. [97] also developed lentil-
based snacks, but enriched with different percentages of a nutritional yeast (Saccharomyces
cerevisiae) extract using two extrusion temperatures (140 ◦C and 160 ◦C) at 17% moisture.
After extrusion, with the exception of the sample formulated with 12% yeast, the samples
showed a significant increase in total α-galactosides, with this increase being higher in the
samples extruded at 160 ◦C. While raffinose and verbascose increased in all the samples,
the stachyose content did not show a consistent tendency. Arribas et al. [18,100] developed
snacks formulated with different percentages of rice, and pea or bean, fortified with whole
carob bean flour and extruded at 125 ◦C and 20% moisture. All the extrudates showed
higher content of α-galactosides than the non-extruded samples. Rice/bean and pea/rice
snacks contain up to twice as many α-galactosides than their corresponding controls, and
the highest pulse content produced the highest sugar increase. The sugar pattern was
verbascose > stachyose > raffinose in the rice/pea extrudates and stachyose > raffinose
in the rice/bean extrudates. In the pea-based snacks, on average, extrusion produced
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an increase of verbascose and stachyose of around 52% and around 100% of raffinose;
whereas in bean-based snacks, the increase was around 48% and 200% for stachyose and
raffinose, respectively. The authors related these increases to the higher extractability of
sugars from the extruded matrix and to a hydrolysis of the sugars during the extrusion.
The data evaluated show that the content in α-galactosides in the extruded products from
different legume seeds ranged from 15.2 mg/g to 47.8 mg/g in beans, from 14.38 mg/g to
44.21 mg/g in chickpeas and from 12.82 mg/g to 14.02 mg/g in lentils. Only one paper
studied the a-galactosides content in extruded faba bean and lupin seeds, with their content
after extrusion/cooking being 31.66 mg/g and 83.76 mg/g, respectively. Despite many
authors reporting an influence of the seed variety on the results, only five papers detailed
the variety used in their studies. We can conclude that, in general, the α-galactosides
are reduced after extrusion cooking up to 68%, depending on the legume seed and the
extrusion conditions. In different types of common beans, the reduction reported in eight
papers was between 3% and 33%, but five papers reported an increase in the α-galactosides
content, from 2% to 97%. The reduction documented for chickpeas was from 17% to
68%; regarding the extrusion effect on lentils, both a decrease from 60% to 63% and an
increase from 2% to 31% has been reported. In extruded peas, the a-galactosides content
was reduced from 1.2% to 15%, although two papers reported an increase from 13% to
35%. Faba bean and lupin were reduced by 47% and 23%, respectively. Many of the
extruded legumes are of great interest in the development of snacks or breakfast cereals;
therefore, considering one serving of these types of extruded product (40 g) can supply
483–560 mg of α-galactosides for lentils, 938–1876 mg for peas, 5575–1768 mg for chickpeas
and 608–1912 mg for beans. All the extruded legumes are a good and adequate source of
galactosides able to exert a healthy influence [25].

5.3. Extrusion/Cooking Effect on the Myo-Inositol Phosphates of Pulses

The inositol phosphates are also affected by extrusion. A thermal hydrolysis of the
phytic acid (IP6) into less phosphorylated forms has been reported, with the phytic acid
reduction being higher as the extrusion temperature is increased [27,30,114]. As phytate
can bind other macromolecules, the formation of insoluble complexes may occur during
extrusion, which reduces their extractability, thus explaining its reduction [122]. This
reduction could improve the mineral bioavailability and allow the health roles associated
with the inositol phosphates. Most of the literature reported a decrease in the total inositol
phosphates and the phytic acid (IP6), although the extent of this reduction varied with
the raw materials and the extrusion conditions. El-Hady and Habiba [104] observed a
reduction in IP6 content (2–9%) in extruded faba bean, pea, chickpea and kidney bean,
with the higher temperature (180 ◦C) and moisture (22%) used being more effective in
decreasing phytic content than the lower ones (140 ◦C and 18% moisture). A similar trend
was reported by Anton et al. [37] in an extruded navy or small red bean/corn starch blend.
They observed an overall reduction in total inositol phosphates of 44%. A higher reduction
of phytic acid has been reported by Rathod and Annapure [114]. These authors found
that the increase in extrusion temperature (140 ◦C, 160 ◦C and 180 ◦C) and moisture (14%,
18% and 22%) produced a decrease in phytic acid up to 99%. In contrast, Lombardi-Boccia
et al. [123] observed that the legume phytate content in mottle and white beans, faba beans,
chickpeas and lentils was not affected by extrusion at 130 ◦C and 28% moisture. In extruded
chickpeas at 130 ◦C and 14.5% moisture, Poltronieri et al. [112] observed a reduction in
neither total inositol phosphates nor phytic acid; however, they observed a significant
reduction in IP5. Alonso et al. [99] also reported that the phytate content did not change
significantly in extruded breakfast meals formulated with 30% bean flour and broken
rice [14], or in extruded peas at 145 ◦C and 25% moisture. Morales et al. [119] reported
a general reduction in total inositol phosphates from 14% to 50% in snacks produced
at 160 ◦C and based on lentils and different fibers, depending on the formulation. The
addition of different types of fibers produced different matrixes with a visco-rheological
behavior during extrusion; thus, the extrudate formulas containing corn and apple fiber
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showed a non-significant reduction. IP6 showed the highest reductions, while IP5 and
IP4 forms increased their content, on average, by 13% and 26%, respectively. Similarly,
Alonso et al. [106] reported an increase in IP5 in extruded kidney beans (5.2-fold) and peas
(1.5-fold) compared to raw seeds. However, Ciudad-Mulero et al. [97] reported not only
an IP6 decrease ranging from 35% to 48% for lentil/yeast samples extruded at 140 ◦C and
160 ◦C, but also an IP5 and IP4 reduction from 19% to 51% and 17% to 43%, respectively.
Hegazy et al. [113] produced snacks based on germinated and dehulled chickpeas (up
to 30%) and corn. The extrusion at 180 ◦C and 16% moisture decreased the phytic acid
content by 41–46% compared to extruded corn as a control. After extrusion at 150 ◦C and
20% moisture of different pulse/corn starch blends (80/20), Varela et al. [115] observed
both an increase and a reduction of the total inositol phosphate content, depending on the
pulse type. While extruded bean, chickpea and faba bean showed a significant reduction
(7%, 8% and 36%, respectively), pea and lupin showed a significant increase in the total
inositol phosphate content (3% and 24%, respectively). Arribas et al. [18,100] documented
a reduction of phytic acid by 10% in extruded snacks (125 ◦C, 20% moisture) formulated
with different proportions of rice/bean or pea/carob fruit; moreover, an increase of 16–70%
of the less phosphorylated forms (IP4–IP5) was observed. These authors also reported that
the higher legume content caused the higher phytate reduction. Thus, from a nutritional
and health point of view, extrusion would be a good processing method to reduce phytic
acid content and obtain the benefits of the less phosphorylated forms. Yağci et al. [118]
reported the effect of extrusion and locus bean gum content on the phytic acid content of
fermented chickpea-yogurt blends. Extrusion was developed at 140 ◦C and 150 ◦C with
17% moisture, and the gum content varied from 2.5% to 4%. The phytic content in the
fermented blends was reduced by 31.3–41.3% after the extrusion treatment. The highest
reduction was obtained in the blends containing 4% of locus bean gum extruded at 150 ◦C,
and the lowest one corresponded to the blends with 1% of gum extruded at 150 ◦C.

In addition, by comparing the results reported in the literature reviewed, the content of
myo-inositol phosphates ranged from 0.54 mg/g to 16.59 mg/g in beans, from 1.00 mg/g
to 12.6 mg/g in chickpeas, from 6.05 mg/g to 6.86 mg/g in faba beans, from 0.08 mg/g
to 0.57 mg/g in lentils and from 3.14 mg/g to 11.23 mg/g in peas. Regarding the effect
of extrusion/cooking on the myo-inositol phosphates content, in general a reduction of its
content was observed, with a high variability in the reduced percent (from 1% to 99%),
although in five reviewed papers, an increase was reported. The inositol phosphates content
decreased from 1% to 21% in beans, from 1% to 53% in chickpeas, from 95% to 99% in lentils
and from 6% to 21% in peas; however, an increase was documented in the myo-inositol
phosphates content of 3% for chickpeas, lupin and peas, and of 22% for beans. Assuming a
protein content for these extrudates of around 20%, one serving (40 g) of the extruded products,
similar to a snack than can supply less than 10 mg/g to improve the mineral absorption [30],
were the extruded lentils (0.4–2.85 mg/g protein), some of the extruded chickpeas (5 mg/g
protein), beans (0.27 mg/g protein) and faba bean (5.99 mg/g protein).

5.4. Extrusion/Cooking Effect on the Protease Inhibitors of Pulses

Protease inhibitors are proteinaceous heat-labile compounds, so their content is sig-
nificantly reduced by extrusion cooking; depending on the seed, the formulation of the
raw flours and the extrusion parameters used, the extent of the reduction will vary, even to
zero [122]. Extrusion at 150 ◦C and 20% moisture of some pulse/starch mixtures produced
a different percentage of reduction in the trypsin inhibitory activity. The lowest reduction
corresponded to lupin blends (77%), followed by chickpea (89%), faba bean (93%), pea
(95%) and bean (99%). These differences could be related to the presence of different
inhibitor isoforms, some of which are more resistant to thermal treatment. This fact was
confirmed by zymogram gels. Other authors [18,37,100,104] reported that the trypsin
inhibitors were abolished in corn starch-based snacks with navy or red bean produced at
160 ◦C and 22% moisture, as well as in pre-soaked and extruded (140 ◦C–180 ◦C, 18–22%
moisture) pea, chickpea, faba bean and kidney bean, and in extrudates (125 ◦C, 20% mois-
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ture) based on rice, pea or bean and carob bean mixtures. Zamora [110] reported that
the extrusion of Canavalia ensiformis (155 ◦C, 20% moisture) affects the chymotrypsin and
trypsin inhibitor activity by 99% and 95%, respectively. In contrast, other authors [99,124]
reported that chymotrypsin inhibitor activity was lowered less extensively than trypsin
inhibitor activity in pea cv. Ballet when extruded at 145 ◦C, 25% moisture (65% vs. 95%),
and in faba bean var. Aguadulce when extruded at 140 ◦C and 40% moisture (42% vs.
92%). Rathod and Annapure [114] reported a drastic reduction in trypsin inhibitors (up
to 99.5%) in extruded split lentils; as the extrusion temperature (from 140 ◦C to 180 ◦C)
and moisture (from 14% to 22%) increased, a higher increase in the removal of trypsin
inhibitors was observed. Reductions in the trypsin inhibitor activity from 93% to 95%
have been reported in extruded lentil enriched with nutritional yeast at 140 ◦C and 160 ◦C.
The highest reduction corresponded to the samples with the highest lentil content, while
the higher yeast inclusion produced the lower trypsin inhibitor activity reduction [103].
Morales et al. [120] observed different trypsin inhibitor content in extruded lentil-based
blends enriched with different types of dietary fiber. After extrusion (160 ◦C, 17% moisture),
all samples presented a reduction in the trypsin inhibitor content, although the highest
decrease (97%) corresponded to extruded lentils plus apple fiber and/or corn flour, and
the lowest one (93%) corresponded to blends of lentils with wheat bran. Extrusion cooking
of pigeon peas and African yam beans at 100 ◦C and 140 ◦C and 16% moisture significantly
reduced the protease inhibitor activity (up to 98%); however, the trypsin activity of bam-
bara groundnut extruded at 100 ◦C was not modified [125]. The extrusion of fermented
chickpea-yogurt and locus bean gum blends reduced the trypsin inhibitor activity in the
range of 77–79%, with the higher reduction corresponding to the extrudates obtained at
150 ºC with a 4% of gum content [118].

The protease inhibitors are thermo-labile compounds; therefore, they were reduced
from 77% in lupin to 99% in beans. These differences are related to the different thermo-
stability of the different isoforms present in each legume [31]. However, in general, protease
inhibitors were not detected after extrusion. The higher activity was determined in chick-
pea (2.52 TIU/mg), and the lowest one in lentil (0.013 TIU/mg). Bean, faba bean, pea
and lupin showed protease activity of around 0.25 TIU/mg. One serving of 40 g can sup-
ply 0.52–9.6 TIU, and since these amounts are below the concentration to impair protein
digestibility, they are considered as safe products.

5.5. Extrusion/Cooking Effect on the Phenolic Compounds of Pulses and Their Antioxidant Activity

Considering the effects of extrusion on the content of phenols, both increases and
decreases in their content have been reported, mainly depending on the type of phe-
nolic compounds studied. In general, decreases have been related to decarboxylation
of phenolic acids and/or their polymerization during extrusion, which reduce their
extractability; whereas increases have been related to the phenols released from the
cell-wall matrix; consequently, the antioxidant activity associated with the phenols is
also affected by the extrusion. Korus et al. [109,126] studied the effect that extrusion
parameters (two temperatures and two moistures) had on the phenols and their an-
tioxidant activity in five cultivars of dry common bean. They observed that extrusion
at the lower temperature (120 ◦C) and the higher moisture (20%) retained the highest
proportion of phenols. In comparison to the raw samples, a reduction in the total
phenols and the antioxidant activity was observed, and these changes were cultivar-
dependent. On average for the two temperatures used, the Rawela cv. (dark-red bean)
increased its total phenol content (14%) after extrusion, while Toffi (black-brown bean)
and Tip-top (cream bean) varieties decreased their content (by 19% and 21%, respec-
tively). The different phenolic-compound contents after extrusion also are affected
by the cultivar. Other authors [102,104,114] have also reported a significant decrease
in the phenolic-compound content and the antioxidant activity of whole peas, faba
beans, chickpeas and kidney beans, and the extent of this reduction was linked to
the extrusion parameters used. Changes in the phenolic composition of extrudates,
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based on cereal/pulses or vegetable/pulse blends, have also been studied, since the
food matrix highly conditions phenol bioaccessibility. Delgado-Lincon et al. [117] ex-
amined the effect of five extrusion temperatures (150 ◦C–190 ◦C) and four moisture
levels (14.5–18%) on the phenol content and the antioxidant activity of a bean/corn
blend (60/40). They observed a significant decrease in total phenols, flavonoids and
antioxidant capacity, and they concluded that extrusion at 142 ◦C and 16.3% moisture
retained the highest amount of total phenols and flavonoids, and showed the highest
antioxidant capacity. Anton et al. [37] reported a significant decrease in the total phenol
content and antioxidant activity of corn-starch snacks containing two different bean
flours. The red bean/corn snack showed a higher reduction in total phenol content
and antioxidant activity (around 70% and 65%, respectively) than the navy bean/corn
snacks (around 10% and 22%, respectively). Lentil and nutritional yeast extruded at 140
◦C and 160 ◦C showed decreases in total phenolic compounds, individual phenolic com-
pounds and antioxidant activity compared to the raw blends. The observed decrease
was correlated to the extrusion temperature. Also, a reduction in the tannin content
was reported by Carvalho et al. [14] in extruded rice/bean flour blends, by Alonso
et al. [91,104] in pea and kidney bean meals and by Rathod and Annapure [114] in split
lentils, reaching a reduction of up to 50%, 92% and 99%, respectively. Conversely, other
authors reported increases in both total phenol and antioxidant activity; for example,
in extruded lentil flours enriched in fibers, Morales et al. [119] found an increase in
total phenolics, as well as in most polyphenolic fractions (except in flavonols), with an
increase in antioxidant activity. Arribas et al. [100] reported an increase in tartaric esters
(on average 11%), anthocyanins (on average 24%) and total phenol content (on average
36%), while flavonoids did not vary significantly in different extruded rice/bean/carob
flour formulations compared to their raw counterparts. A slight increase in the an-
tioxidant activity (on average 5.4%) was observed, and the antioxidant activity of the
extrudates was positively correlated with their phenolic content. Díaz-Batalla et al. [127]
reported that extrusion at 150 ◦C of Prosopis laevigata (legume tree) seeds reduced the
content of total phenolic compounds by 3%, but increased the DPPH radical scavenging
capacity by 2.30%. They did not observe an increase the content of Maillard reaction
product compared to the raw samples. Hegazy et al. [113] reported an increase in the
total phenolic content (1.92–7.94%) and antioxidant activity (1.07–5.55%) in corn snacks
enriched with different proportions of germinated chickpea and tomato pomace after
extrusion. The selection of the raw materials, their blends with other food ingredients
and the selection of the extrusion parameters (mainly temperature and moisture) are
very important in order to obtain end-products containing adequate amounts of all
types of phytochemicals with health-giving benefits.

In summary, the phenolic compound and tannin content was mainly reduced after
extrusion by up to 99%, although a high variability can be observed depending on the
seed and the extrusion conditions, as well as the method of analysis used. The antioxidant
activity was only determined in nine papers; however, it is difficult to compare the results
due to the different methods used (DPPH, ORAC, TBARS, etc.). The phenolic-compound
content in extruded beans was reduced up to 74% and 70% for total phenols and tannins,
respectively; however, one paper reported an increase in the total phenol content in
extruded beans from 30% to 38%. Four papers reported an increase in the antioxidant
activity, and five papers described its reduction. These differences are mainly related
to the different methods of analysis. One serving (40 g) of the extruded product can
supply more than the minimum daily dose (300 mg) of total phenolic compounds to obtain
health benefits.
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6. Effect of Cold Extrusion on the Bioactive Compounds of Pulses

Thirty-seven papers were reviewed in this section. From them, 16 studied the elabora-
tion of pasta by cold extrusion, and the effect of the process and/or its subsequent cooking
necessary for its consumption. Two papers evaluated the effect of the cooking process
on galactosides, while three of them studied the modification in the inositol phosphate
content, the inhibitor protease activity and/or the phenols content after the cooking pro-
cess. Furthermore, four papers showed the effect of the cooking process on the antioxidant
capacity.

6.1. Cold Extrusion Process

Cold extrusion is the standard process used for pasta production. It is a process similar
to extrusion/cooking, with a single screw and high pressures, below 50 ◦C (in comparison
to the temperatures in extrusion/cooking (Section 5), which are above 100 ◦C) [128]. In this
type of extrusion, the product is made without cooking, so that the raw materials are
subjected to minimal modifications both by friction and temperature [129].

The conditions used in extrusion/cooking might not be ideal, since they reduce
the content of thermolabile compounds such as vitamins, functional proteins and
flavors that can be incorporated into the formulation. However, cold extrusion allows
these to be kept in the final product [130]. Pasta consumption is very high due to
its palatability, long shelf life and simplicity of cooking, in addition to its nutritional
characteristics [131]. The process of making pasta consists of transforming the flours
into pasta in a homogeneous way; to achieve the required texture, the flour is hydrated
by mixing, and then it is extruded. There are four different stages in the preparation
of pasta. First, the kneading, which consists of adding water to the mixture of flours
used for the preparation of the pasta. The final dough obtained contains an average
moisture between 30% and 32% [132,133]. At this stage, the mixing is carried out for
approximately 10 min, avoiding the incorporation of air into the mass. The presence
of small air bubbles can weaken the structure of the pasta and activate enzymes [134].
Second, the cold extrusion process, during which the moisture content of the dough
is approximately 28%. The extrusion process occurs at a low temperature and with
continuous pressure along the worm screw, ensuring that a temperature of 50 ◦C is not
reached to avoid any deterioration of the proteins (as this would reduce the quality
of the pasta during subsequent cooking). The dough comes out in a tube (the exit
hole through which the dough comes out has the desired shape of the pasta: spaghetti,
fettuccine, macaroni, etc.), where a minimum expansion takes place. The third step is
drying, with the aim of producing a resistant and stable pasta. The moisture on the
surface of the pasta is reduced by hot air currents, creating a moisture gradient within
the pasta [135]. The drying cycles, during which the pasta acquires its final color, are
finished by reaching a moisture content of less than 12% [136]. Cold extrusion is an
ideal process to produce pasta fortified with legumes, although this fortification is a
new process. The principal studies in the literature showed the fortification of wheat
flour with legumes such as soya, pea, lentil, chickpea, lupin and bean [137–154]. These
authors revealed the modifications observed in the pastas fortified in comparison to
the control pasta (in general, durum wheat semolina). However, only some studies
showed the differences between the bioactive compounds in the uncooked and cooked
fortified pasta.

The effect of cold extrusion on the content of the different bioactive phytochemicals
reviewed is shown in (Tables 4 and 5).
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Table 4. Content of different bioactive compounds (α-galactosides, inositol phosphates, protease inhibitors, phenolic
compounds and antioxidant activity) in uncooked legume-based pasta.

Legumes α-Galactosides
Inositol

Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

100% legume (faba,
lentil or black-gram

flours)
44–57 mg/g 14.5–18 IP6 mg/g 7.8–11.3 TIU/mg [155]

Commercial samples
manufactured with
lentil, bean and pea

Total phenols:
632–1743 mg
GAE./100 g

[156]

Bean and carob
fruit/rice 10–45 mg/g 3–9 mg/g IP total

2–5 mg/g IP6
2–13 TIU/mg
2–17 CIU/mg

Total phenols:
2.9–7.3 mg CE/g

ORAC: 5.3–13.7
μmol Trolox/g [157]

Hard-to-cook bean
protein

hydrolysate/wheat
semolina

ABTS: 15–31
mM/mg [146]

Lima bean and
cowpea/wheat

TAC: 26.09–31.84
mg Trolox eq./g [158]

Faba bean/wheat Total phenols: 185
mg GAE/100 g

ORAC: 1017 mg
Trolox eq./100 g [159]

Germinated and
fermented cowpea

flour/wheat semolina
677 mg IP6/g TAC:31.9 μmol

Trolox eq./g [160]

Lentil
Total phenols:
1.42–2.14 mg

GAE/g
[131]

Pea 0.45–1.09 TIU/mg [151]

Pea flour, red lentil flour
or 60% grass pea and
40% chickpea flour

Total phenols:
87–176 mg
GAE/100 g

ORAC: 1851–3789
mg Trolox
eq./100 g

[161]

CE: catechin equivalents; GAE: gallic acid equivalents; TAC: total antioxidant capacity; ORAC: oxygen radical absorbance capacity assay;
ABTS: free radical scavenging ability assay.

Table 5. Content of different bioactive compounds (α-galactosides, inositol phosphates, protease inhibitors, phenolic
compounds and antioxidant activity) in cooked legume-based pasta.

Legumes α-Galactosides
Inositol

Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

100% legume (faba,
lentil or black-gram

flours)
12–34 mg/g ↓ 12.8–15 IP6 mg/g

↓
1.52–2.5 TIU/mg

↓ [155]

Commercial samples
manufactured with
lentil, bean and pea

Total phenols:
323–814 mg

GAE/100 g ↓
[156]

Bean and carob
fruit/rice 4–27 mg/g ↓

3–8 mg/g IP total
=

2–5 mg/g IP6 =

2–17 TIU/mg ↓
3–17 CIU/mg ↑

Total phenols:
2.3–5.8 mg CE/g

↓
ORAC: 5.1–10.3
μmol Trolox/g ↓ [157]

Bean/semolina
Total phenols:
6.45–9.68 mg

CE/g
[162]

Lima bean and
cowpea/wheat

TAC: 16.63–21.39
mg Trolox eq./g ↓ [158]

Hard-to-cook bean
protein

hydrolysate/wheat
semolina

ABTS: 6.6.-7.9
mM/mg ↓ [146]

Carob fiber/wheat
semolina

Total phenols:
3.21–4.8 mg

GAE/g
[163]
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Table 5. Cont.

Legumes α-Galactosides
Inositol

Phosphates
Protease

Inhibitors
Phenolic

Compounds
Antioxidant

Activity
References

Carob pod/wheat
semolina

Total phenols:
5.3–12.2 mg

GAE/g

ABTS: 0.25–1.35
mg Trolox eq./g
FRAP: 2.05–6.9

mg Trolox eq./g

[164]

Chickpea/soya/different
cereals

1050–9640 mg
IP6/Kg [138]

Germinated and
fermented cowpea

flour/wheat semolina
574 mg IP6/g ↓ TAC: 27.5 μmol

Trolox eq./g [154]

Lentil
Total phenols:
0.93–1.42 mg

GAE/g ↓
[131]

Pea 0.23–0.29 TIU/mg
↓ [151]

Fermented pigeon
pea/wheat semolina n.d. * 0.24 g/100 g n.d. Tannins: 0.28 g

GAE/100 g
TAC: 3.35 μmol

Trolox eq./g [153]

Germinated pigeon
pea/wheat semolina 0.27 g/100 g 1.57 TIU/mg Tannins: 0.19 g

GAE/100 g
TAC: 5.8 μmol
Trolox eq./g [160]

* n.d.: not detected; GAE: gallic acid equivalents; CE: catechin equivalents; TAC: total antioxidant capacity; ORAC: oxygen radical
absorbance capacity assay; FRAP: ferric reducing antioxidant power assay; ABTS: free radical scavenging ability assay; ↑: increase; ↓:
decrease; =: no change.

6.2. Cold Extrusion Effect on the α-Galactosides of Pasta Fortified with Legumes

Torres et al. [146] produced pasta products based on whole durum wheat semolina
fortified with proportions of 5%, 10% and 12% of fermented pigeon pea (C. cajan). Fer-
mentation brought about an 82% reduction in α-galactosides in the seeds used, since the
oligosaccharides were hydrolyzed by α–galactosidase and invertase either as an enzyme
or from microorganisms present. Taking into account the previous fact, this study showed
that the pasta fortified with 10% fermented pigeon flour did not report α-galactoside
content (raffinose, stachyose and verbascose), as with the control pasta analyzed. Never-
theless, Laleg et al. [155] showed that the content of total α-galactosides ranged from 44
to 57 mg/g (d.m.) in the uncooked pasta, higher in the 100% lentil pasta than the 100%
faba pasta and the 100% black-gram (Vigna mungo) pasta. The stachyose and verbascose
were present in the oligosaccharide profiles in the uncooked pasta, and raffinose was the
minor oligosaccharide in the pasta studied. On the other hand, after the cooking process,
the α-galactoside content was reduced from 41–73% because of the heat hydrolysis or
leaching in the cooking water. The optimal cooking time was a parameter that determined
the concentration of soluble compounds such as α-galactosides in the pasta ready to eat.
This effect was observed in the cooking of fettuccine based on rice and fortified with two
different legumes (bean (P. vulgaris L.) and carob fruit (Ceratonia siliqua L.)) [148]. The
cooked pasta showed around 4–27 mg/g content of α-galactosides, while the uncooked
pasta showed around 10–57 mg/g. The difference observed (about 40–70%) could be
related to the water solubility in the cooking process. These compounds migrated to the
cooking water and were discarded. Taking into account the reviewed data, we can con-
clude that the cooking process after the preparation of the pasta by cold extrusion modified
the content of α-galactosides, reducing it between 21 and 82%, in pasta elaborated with
bean/carob fruit and 100% legume, respectively. The content of α-galactosides ranged
in these samples between 4 and 57 mg/g. In addition, it is important to note that the
processing reduced but did not eliminate these compounds, so their consumption would
be beneficial to human health. The consumption of one serving of cooked pasta (70 g)
will provide around 280–2380 mg of α-galactosides. This range allows the consumption
of a quantity close to the one that has been observed to convey benefits on the intestinal
flora [25].
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6.3. Cold Extrusion Effects on the Myo-Inositol Phosphate Content of Pasta Fortified with Legumes

Torres et al. [153] reported that pasta products fortified with pigeon pea had a higher
content of phytic acid than the control produced with 100% semolina. On the other hand,
in the pasta fortified with germinated C. cajan in proportions of 5%, 8% and 10%, the phytic
acid presented twice the amount than the control pasta [149]. Herken et al. [154] analyzed
the phytic acid content using the colorimetric method in unprocessed, germinated, fer-
mented and cooked pasta made from cowpeas. These authors showed that the germination,
fermentation and thermal processes reduced the phytic acid content from 13.3% to 15.2%,
with respect to the unprocessed samples. The 100% legume pasta revealed phytic acid
contents from 14.5 to 18 mg/g in the uncooked pasta. A slight reduction in this content was
observed in the cooked pasta (from 12.8 to 15 mg/g) related to the corresponding flours.
A low content in phytic acid in the cooked pasta was associated with high iron bioavailabil-
ity and a general nutritional quality [155]. On the other hand, Arribas et al. [157] showed
a slight increase (p > 0.05) in the total inositol phosphate (the different IP forms included
phytic acid or IP6), which can be explained by losses during cooking; these compounds
migrated to the cooking solution, which caused changes in the percentage of the specific
components on a dry-matter basis. Bilgicli et al. [138] studied the phytic acid content in
pasta based on wheat, maize and rice flour fortified with soya and chickpea grains. They
showed ranges of phytic acid from 7 to 9 times higher than the control noodle made from
wheat flour.

In this case, the reduction in inositol phosphate content, regardless of the seed used
in the production of the pasta, was around 15%. In the cooked pasta reviewed, the
phytic acid content ranged from 3 to 574 mg IP6/g in the rice pasta fortified with bean
and carob fruit and in germinated and fermented cowpea flours, respectively. Therefore,
the consumption of one serving (70 g) of pasta would be associated with the health benefits
of these compounds [3,9,22,23].

6.4. Cold Extrusion Effects on the Protease Inhibitors of Pasta Fortified with Legumes

Several authors have studied the inhibitor protease content in pasta fortified with
different proportions of legumes. Torres et al. [146,149] showed, in pasta based on semolina
and fortified with fermented and germinated C. cajan seed in proportions of 5% or 8% and
10% or 12%, respectively, that the trypsin inhibitor activity in the fermentation of pigeon
pea seeds affected trypsin inhibitor activity and caused a reduction of 39%. This was not
detected in the pasta produced with 8–10% fermented C. cajan. However, in the pasta
with 10% germinated C. cajan, the trypsin inhibitor activity determined was 1.57 TIU/mg,
which is an insignificant amount when compared to the trypsin inhibitor activity value
found in the germinated flour (15.9 TIU/mg). The difference between the two processes,
fermented and germinated, revealed that the fermentation of pigeon pea produces a
significant reduction in the trypsin inhibitor activity, and the inclusion of this flour in
small quantities produced pasta without trypsin inhibitor activity. That said, however, the
use of germinated pigeon pea flours could be associated with the positive effect of these
bioactive compounds.

Frias et al. [151] produced macaroni pea (P. sativum L.) products, and the trypsin
inhibitor activity analyzed revealed that as the cooking time of the pasta increased, the
reduction of this activity was 48–59%. Taking this into account, the cooked pasta had lower
reported contents than the uncooked pasta, since heat inactivated the trypsin inhibitor
activity, although it increased the legume protein digestibility. This effect was observed in
pasta made with 100% legume [147]. The analyzed samples ranged from 7.8 to 11.3 mg/g,
but the cooked pasta revealed five times lower trypsin inhibitor activity, and the cooking
process in legume pasta was reduced by 38% to 96% of this activity. Thermal processing of
legumes can be applied to totally or partially reduce the protease inhibitor activities because
they are thermo-labile compounds. However, Arribas et al. [148] showed, in the fettuccine
made with rice, bean and carob, a slight increase (p > 0.05) in trypsin and chymotrypsin
inhibitor activities after the cooking process, in comparison to the uncooked samples. This
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could possibly be due to the short cooking time applied (on average 3 min) and to the
different heat-sensitivity of both types of protease inhibitors.

The cooking process of the pasta showed in general a reduction in the protease
inhibitor content (around 50–80%). However, in the pasta formulated with bean and
carob fruit included in the review, a small increase in this content was observed. The
protease inhibitor activity after the thermal process ranged between 2–17 TIU/mg and
3–17 CIU/mg. The cooking process (100 ◦C, 3–10 min) was not so severe to eliminate
these compounds, unlike in other products. One serving (70 g) of the pasta would supply
from 140 to 1190 TIUs and from 210 to 1190 CIU. These amounts are below the content
reported to impair protein digestibility (2000 CIU per day), and most of the reviewed
pasta contained amounts in the range of 25–800 CIU/day, which is able to exert the health
benefits associated with these bioactive compounds (Section 3.3).

6.5. Cold Extrusion Effects on the Phenols and Their Antioxidant Activity of Pasta Fortified
with legumes

Phenols and their associated antioxidant activity are some of the most commonly
analyzed features of products made by cold extrusion. Pasta fortified with 1, 2, 3, 4 and 5%
carob fruit (C. siliqua L.) revealed higher contents of phenols using the Folin–Ciocalteau
reagent (3.21–4.8 mg gallic acid equivalent (GAE)/g d.m.) and antioxidant activity analyzed
by chelating power (CHEL), ABTS radical scavenging assay, ability to inhibit lipoxygenase
and ferric-reducing antioxidant power (FRAP), more than the control sample made with
common wheat flour [163]. Seczyk et al. [164] studied the fortification from 1%–5% of carob
pod in pasta based on durum wheat semolina. The results obtained demonstrated that the
carob pod flour increased the phenolic content determined (5.3–12.2 mg GAE/g d.m.) and
the antioxidant activity analyzed (0.25–1.35 mg Trolox equivalent/g in the ABTS assay and
2.05–6.9 mg Trolox equivalent/g in the FRAP assay) showed the highest values and activity
in the formulation with 5% of carob, such as in previous studies [163]. In comparison
to the control, the pasta fortified with 5% carob pods revealed double the amount of
phenolic content, and a three- to 18-fold increase in antioxidant activity. In the gluten-free
pasta made with rice and fortified with different proportions of legumes (carob fruit 10%),
the results obtained showed a total phenol content in the uncooked samples of around
2.9–7.3 mg catechin equivalent (CE)/g d.m., but after the cooking process, the total phenol
content was reduced to around 17–48% (2.3–5.8 mg CE/g dw). The pasta fortified with 10%
carob fruit presented a 2.5–3.2-fold higher amount of total phenols than the commercial
sample made with rice and used as a control. The antioxidant activity by ORAC assay in the
uncooked fettuccine revealed 5.2 to 13.7 μmol Trolox/g d.m. After the cooking process, the
ORAC assay exposed 5.1–10.3 μmol Trolox/g d.m. in the fortified fettuccine. The cooking
process showed a slight and non-significant reduction in the antioxidant activity [157].
These studies showed the potentialities of this legume, carob, to fortify products made
with cold extrusion, since it is a good source of polyphenols and therefore of antioxidant
activity, improving the health characteristics of traditional pasta based on wheat. In Turco
et al. [161], pasta made of 100% pea flour, 100% red lentil flour, and 60% grass pea and 40%
chickpea flour revealed that total polyphenols and flavonoids determined by the Folin–
Ciocalteu method and antioxidant properties determined by ORAC were higher in the
legume pasta than in the control made with durum wheat semolina. The pasta made with
60% grass pea and 40% chickpea was the formulation with the highest total polyphenol
content, followed by red lentil pasta and pea pasta. All the experimental formulations
revealed higher content than the pasta made with durum wheat semolina (control). Turco
et al. [159], in pasta based on semolina and fortified with 35% faba bean, showed a total
phenol content around two times higher compared to the control. Also, the higher content
of flavonoids and antioxidant activity found in the ORAC assay was lower in the control
pasta. Torres et al. [153,160] showed that the tannin content in the pasta fortified with 10%
germinated pigeon pea flour (0.19 g galic acid/100 g d.m.) and fortified with 10% fermented
pigeon pea flour (0.28 g galic acid/100 g d.m.) was lower than the control elaborated with
100% semolina. The fermentation process could improve the phenolic content in relation
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to germination. The antioxidant activity was analyzed in the fermented samples, and the
results revealed that the fortification increased the total antioxidant activity by around 80%
with respect to the control sample. Herken et al. [154] showed that in samples fortified
with different proportions of cowpea flour (10%, 15% and 20%), the inclusion of 20%
legume, fermented or germinated, increased the total antioxidant activity (31.16–34.51μmol
Trolox equivalent/g, respectively) in comparison to the control made with 100% semolina.
However, it was observed that the antioxidant activity detected in the macaroni with 20%
fermented flour showed lower activity than the macaroni with unprocessed flour (p < 0.05),
and lower than the germinated ones, in contrast to other authors [153,160]. However,
cooking had a negative effect on the antioxidant activity determined.

The inclusion of bean in pasta has been studied by different authors; Gallegos-Infante
et al. [162] reported that the highest phenolic compound content detected was in the sam-
ples fortified with common bean flour (15–30%). Arribas et al. [157] showed the same
tendency in the samples based on rice and fortified with two different legumes. The in-
clusion of bean in these samples increased the total phenolic content, and the antioxidant
activity detected in the uncooked samples was 5.3–13.7 μmol Trolox/g, with higher legume
content revealing higher antioxidant activity. After the thermal process, the same tendency
was observed; however, the antioxidant activity was reduced in all formulations. Segura-
Campos [146] showed in pasta made with durum wheat semolina and hard-to-cook bean
protein hydrolysate (0%, 5%, and 10%) that the antioxidant activity determined by the
ABTS decolorization assay increased antioxidant values. The highest antioxidant value
determined was in the pasta fortified with 10% of hard-to-cook bean protein hydrolysate
(31.4 mM/mg); however, the cooking process revealed lower antioxidant values (around
6.6–7.9 mM/mg sample in the pasta fortified with 5% and 10% hard-to-cook bean protein
hydrolysate, respectively). In all these cases, we can conclude that the thermal process can
degrade the bioactive compounds (phenols, peptides, etc.) and decrease the antioxidant
activity analyzed. Spaghettis fortified with 5–10% legume hydrolysates showed that the
pasta made with cowpea (V. unguiculata) hydrolysate revealed higher antioxidant activ-
ity (294 μmol Trolox/g), determined by the ABTS assay, than the lima bean (P. lunatus)
hydrolysate (245 μmol Trolox/g) and the control analyzed. In general, a higher amount
of legumes in the formulation increased the antioxidant activity, so the inclusion of 10%
hydrolysate of P. lunatus in the pasta showed a twofold increase in antioxidant activity
than the control, which could be due to the presence of low molecular weight peptides
in the hydrolysate [158]. In commercial samples manufactured with lentils, beans and
peas, these types of pasta revealed higher total phenolic compounds than cereal-based
pastas, and the black lentil pasta revealed the highest total phenol content (1743.3 mg
GAE/100 g d.m.). Black bean pasta, pea pasta and red lentil pasta also presented higher
total phenol content than the cereal and pseudo-cereal-based pasta studied (781, 657.1
and 631.6 mg GAE/100 g d.m., respectively). After cooking, the free polyphenol fraction
decreased by around 50% in all the legume pastas (323.3 to 813.5 mg GAE/100 g d.m.) in
comparison to the original content in the samples, due to the solubilization in the cooking
water and the thermal sensibility of these compounds [156]. Di Stefano et al. [131], in pasta
based on semolina and fortified with 40% of lentil, showed around a 28% reduction of the
total phenolic content after the cooking process.

The content of the total phenolic compounds in the cooked pasta was 0.93–1.42 mg GAE/g.
All the data analyzed in this section showed that the cooking process reduced the content of
phenolic compounds from 20–51%. The range obtained in the papers included in this review
was between 0.93 and 814 mg GAE/g. in pasta fortified with 40% lentil and commercial
pasta elaborated with legumes, respectively. One serving (70 g) of almost cooked pasta
fortified with the legumes studied would provide an average of 0.56 g GAE/g, which is
enough to obtain a healthy intake of phenolic compounds [45].
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7. Concluding Remarks

It is well known that pulses are an inexpensive and sustainable source of nutrients, and
they represent functional foods that are rich in different bioactive compounds, providing
many health benefits when consumed regularly in a balanced diet. Pulses are processed
prior to their consumption; therefore, even though a pulse seed contains a high amount of
bioactive compounds, it does not mean that the processed pulse has a high content of the
bioactive components, because their processing modifies their content. The extent of these
modifications depends on the seed, the variety, the food matrix, the formulations and the
technological processing. Galactosides were reduced up to 77%, 68% and 82% in autoclaved,
extrusion/cooked and cold-extruded cooking samples, respectively, although some papers
reported an increase in some of the extrusion/cooking processed samples. Myo-inositol
phosphates were more affected by autoclaving and extrusion/cooking, reaching reduction
of 2–100% and 1–99%, respectively. Cooked pasta reduced their content up to 15%. All the
processes reviewed drastically reduced the protease inhibitor content (80–100%); therefore,
we concluded that these samples would show an improved protein digestibility. The major-
ity of the revised papers reported a reduction in phenolic compounds of up to 80%, 99% and
51% for autoclaved, extrusion/cooking and cold-extruded/cooked products. One serving
of autoclaved legumes, extruded/cooked and cold-extruded/cooked products can supply
on average 3.2, 1.8 and 1.3 g of galactosides, respectively; even though there is no recom-
mended daily intake, according to the literature, it would be enough to obtain prebiotic
benefits on the gut. Considering one serving of each product and depending on the legume
seed and the processing conditions, some of the processed legumes could supply less than
10 mg/g protein, and thus improve mineral absorption. The low remaining trypsin in-
hibitor activity (<1 to 1.5 TIU/mg) in the processed legumes included in this review would
have a positive effect on human health. One serving of a majority of the reviewed products
can supply more than the minimum daily dose (300 mg) of total phenolic compounds
to obtain health benefits. Therefore, from the research documented in this review, it can
be concluded that processed pulses and pulse-based foods can supply not only nutritive
compounds, but also significant amounts of bioactive compounds, such as galactosides,
phytates, protease inhibitors and phenolic compounds, with the potential to contribute to
human health and wellbeing. Notably, the health benefits reported for legumes include
anticarcinogenic and antihypertensive effects, and improvements in cardiovascular disease,
diabetes type 2 and obesity could be related to a synergistic combination of the bioactive
components present in legume seeds. With the increasing innovations in food-processing
technology, the use of pulses in the development of new food products can meet consumers’
requirements for more nutritious and healthier products. Finally, it is interesting not only to
know the phytochemical content of the processed legumes, but it also is necessary to know
the amount of these compounds available in the gut once they are absorbed to exert their
beneficial effect. In the near future, it will be necessary to carry out in vitro digestibility
studies to determine the amount that reach the gut and are available to exert their healthy
effect.
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Abstract: The objective was to investigate the anti-adipogenesis potential of selected legume protein
hydrolysates (LPH) and combinations using biochemical assays and in silico predictions. Black bean,
green pea, chickpea, lentil and fava bean protein isolates were hydrolyzed using alcalase (A) or
pepsin/pancreatin (PP). The degree of hydrolysis ranged from 15.5% to 35.5% for A-LPH and PP-LPH,
respectively. Antioxidant capacities ranged for ABTS•+ IC50 from 0.3 to 0.9 Trolox equivalents
(TE) mg/mL, DPPH• IC50 from 0.7 to 13.5 TE mg/mL and nitric oxide (NO) inhibition IC50 from
0.3 to 1.3 mg/mL. LPH from PP–green pea, A–green pea and A–black bean inhibited pancreatic
lipase (PL) (IC50 = 0.9 mg/mL, 2.2 mg/mL and 1.2 mg/mL, respectively) (p < 0.05). For HMG-CoA
reductase (HMGR) inhibition, the LPH from A–chickpea (0.15 mg/mL), PP–lentil (1.2 mg/mL),
A–green pea (1.4 mg/mL) and PP–green pea (1.5 mg/mL) were potent inhibitors. Combinations of
PP–green pea + A–black bean (IC50 = 0.4 mg/mL), A–green pea + PP–green pea (IC50 = 0.9 mg/mL)
and A–black bean + A–green pea (IC50 = 0.6 mg/mL) presented synergistic effects to inhibit PL.
A–chickpea + PP–lentil (IC50 = 0.8 mg/mL) and PP–lentil +A–green pea (IC50 = 1.3 mg/mL) interacted
additively to inhibit HMGR and synergistically in the combination of A–chickpea + PP–black bean
(IC50 = 1.3 mg/mL) to block HMGR. Peptides FEDGLV and PYGVPVGVR inhibited PL and HMGR
in silico, showing predicted binding energy interactions of −7.6 and −8.8 kcal/mol, respectively.
Combinations of LPH from different legume protein sources could increase synergistically their
anti-adipogenic potential.

Keywords: legumes; protein hydrolysates; anti-adipogenic potential; antioxidant capacity;
peptide synergism

1. Introduction

Obesity is defined as excessive fat accumulation, characterized by increased visceral white
adipose tissue mass and abnormalities in lipid metabolism that present a risk to health [1,2].
However, its prevalence has doubled around the world and steadily increased over the past 50 years,
reaching pandemic levels [3]. This pathological condition results from complex interactions between
genes and environmental factors, such as calorie-dense food intake, sedentary lifestyle and stress [4,5].
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Adipose cells store energy in the form of triglycerides as well as controlling lipid mobilization
and its distribution in the body [6–8]. As a result of increased fat storage, excessive adipose tissue
expansion alters its histology and function. Consequently, interactions among adipocytes and immune
cells at different stages of this process trigger adipocyte lipolysis, increasing circulating free fatty acids,
as well as the production of multiple proinflammatory factors [9].

Several pharmacological agents have been developed to influence eating behavior, food intake,
energy expenditure and nutrient absorption [10]. Currently, lorcaserin, phentermine/topiramate,
naltrexone/bupropion, liraglutide and orlistat are anti-obesity drugs that have been approved by the
U.S. Food and Drug Administration (FDA) [11]. For instance, tetrahydrolipstatin (orlistat) is marketed
for the long-term regulation of energy intake; this works by inhibiting pancreatic lipase, an enzyme
that breaks down triglycerides in the intestinal lumen. Once this enzyme is inactivated, it is unable to
hydrolyze fats into fatty acids and monoglycerides, leading to their elimination through the feces [12].

Statins are another class of drugs prescribed as a lipid-lowering medication. Their mechanism of
action is through the inhibition of the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase (HMGR). This enzyme catalyzes the rate-limiting step of the mevalonate pathway that leads
to cholesterol biosynthesis. Inhibition of its enzymatic activity lowers endogenous cholesterol and
serum low-density lipoprotein levels [13].

Pharmacological management of obesity has been unsuccessful due to adverse side effects
generating safety concerns. For example, the use of orlistat has been associated with several
gastrointestinal adverse effects, such as oily stools, diarrhea, abdominal pain and fecal spotting,
and even a few cases of serious hepatic adverse effects [14]. Statins have also shown concerning side
effects including myositis, myalgia, rhabdomyolysis muscle pain, fatigue and weakness [15].

Legumes are an excellent source of proteins and, when they are enzymatically digested,
they become peptides with multiple sizes that can exert a wide spectrum of biological potentials [16–18].
Hence, the incorporation of bioactive compounds from legumes into diets could exert beneficial effects
by regulating lipid metabolism, resulting in a potential alternative in the prevention or as an adjuvant
in the treatment of obesity [19,20]. Furthermore, studies with legume-derived hydrolysates have
shown beneficial effects on immunity, inflammation, infection, hypertension, hypercholesterolemia,
type 2 diabetes and some types of cancer [21–23].

Therefore, this study aimed to evaluate the anti-adipogenic potential and antioxidant properties
of selected legume protein hydrolysates by comparing their potential to inhibit pancreatic lipase and
HMG-CoA reductase using biochemical assays and in silico approaches. Synergistic, additive and
antagonistic effects between the combinations of legume protein hydrolysates were also evaluated
through isobolographic analyses.

2. Materials and Methods

2.1. Materials

Raw varieties of Phaseolus vulgaris L., Pisum sativum L., Cicer arietinum L., Lens culinaris L. and
Vicia faba L. were obtained from local farmers of Guadalajara, Mexico. The dry grains were stored
at 4 ◦C until use. Commercial proteases alcalase (EC 3.4.21.62), porcine pepsin (EC 3.4.23.1) and
pancreatin (8xUSP, 232-468-9) were purchased from Sigma-Aldrich (St. Louis, MO, USA). DC protein
assay was purchased from Bio-Rad Laboratories. Molecular weight protein standard (10 to 250 kDa)
and SimplyBlue Safe Stain were purchased from Amersham Pharmacia Biotech (Carlsbad, CA, USA).
All other chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Legume Protein Isolate Extraction

The extraction of proteins from legumes was conducted using a previously established
methodology [24]. Common black bean seeds were soaked in water at room temperature for 16 h. Black
bean hulls were manually removed; then, bean cotyledons, green pea, chickpea, lentil and fava bean
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were ground separately in a commercial blender in a 1:10 grain/water ratio. The pH of the supernatant
was adjusted to 8.0 with 1 M sodium hydroxide, and protein extraction was carried out at 35 ◦C with
stirring for 1 h. The mixture was centrifuged at 5000× g for 15 min at 25 ◦C. Then, the pH was adjusted
to the isoelectric point of the different legumes with 1 M hydrochloric acid to precipitate proteins,
followed by centrifugation at 10,000× g for 20 min at 4 ◦C. The supernatant was discarded and the
pellet was freeze-dried in a Lab Conco Freeze Dryer 4.5 (Kansas, MO, USA). Legume protein isolates
(LPI) were stored at −20 ◦C until further analysis.

2.3. Protein Hydrolysis

2.3.1. Simulated Gastrointestinal Digestion

Legume protein hydrolysates (LPH) were obtained after simulated gastrointestinal digestion with
pepsin/pancreatin (PP) following the method described by Mojica et al. (2015) [25]. Briefly, LPI was
suspended in water (1:20 w/v) and autoclaved for 20 min at 121 ◦C to denature proteins and improve
hydrolysis. Sequential enzyme digestion was carried out with pepsin/substrate 1:20 (w/w) (pH 2.0)
followed by pancreatin/substrate 1:20 (w/w) at pH 7.5 at 37 ◦C for 2 h each. The hydrolysis was stopped
by heating at 75 ◦C for 20 min, and the resulting LPI hydrolysates were centrifuged at 20,000× g for
15 min at 4 ◦C. LPH were dialyzed to eliminate salts using a 500 Da molecular weight cutoffmembrane
and then freeze-dried in a LabConco FreeZone Freeze Dry System. Hydrolysates were stored at −20 ◦C
until further analysis.

2.3.2. Alcalase Enzymatic Digestion

Alcalase (A) was used for the hydrolysis of LPI. First, a portion of LPI was suspended in water
(1:20 w/v) and autoclaved for 20 min at 121 ◦C. Then, enzymatic digestion was carried out using a
protease/substrate ratio of 1:20 (w/w), time of hydrolysis 2 h, with pH and temperature optimal for
alcalase activity (pH 7.0, T: 50 ◦C, respectively). Protein hydrolysis was stopped by heating at 75 ◦C for
20 min, and the resulting LPH were centrifuged at 20,000× g for 15 min at 4 ◦C. LPH were dialyzed to
eliminate salts using a 500 Da molecular weight cutoffmembrane and then freeze-dried in a LabConco
FreeZone Freeze Dry System. Hydrolysates were stored at −20 ◦C until further analysis [24].

2.4. Degree of Hydrolysis (DH)

An aliquot of 64 μL of sample solution was placed in 1 mL of 0.2125 M sodium phosphate buffer pH
8.2. A 0.05% TNBS (trinitrobenzene sulfonic acid) solution was sequentially added to light-protected
test tubes and then the reaction mixture was placed in a water bath at 50 ◦C for 30 min. The reaction was
stopped by adding 0.1 M sodium sulfite. After cooling for 15 min at room temperature, the absorbance
was measured at 420 nm. The total hydrolysis of the sample was carried out using 6 N HCl at 110 ◦C
for 24 h. A calibration curve was produced using leucine (0 to 10 mM) as standard. DH was calculated
according to the following equation:

%DH =
h

h total
∗ 100

where h is the number of free amino groups in the hydrolyzed sample and h total is the number of free
amino groups after complete hydrolysis of the LPI.

2.5. Gel Electrophoresis Analysis SDS–PAGE (Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis)

The freeze-dried LPI of the five legume types tested and their respective LPH were analyzed by
SDS–PAGE, under reducing conditions (1:20 β-mercaptoethanol, β-ME). Precast (4% to 20%) gradient
polyacrylamide, Tris–HCl gels were used with a Bio-Rad Criterion Cell under a constant voltage of
200 V for 35 min. Standards (10 to 250 kDa) were used to calculate molecular mass. After staining
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with Simply Blue Safe Stain overnight, and destaining with water, the gel was visualized using a
ChemidocTM XRS+ System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.6. Identification and Characterization of Potentially Bioactive Peptides

LPH were analyzed by liquid chromatography–electrospray ionization–mass spectrometry
(LC–ESI–MS/MS) using a Q-tof Ultima mass spectrometer (Water, Milford, CT, USA), equipped
with an Alliance 2795 HPLC system. Separation of the components was performed by using a mobile
phase of Solvent A (95% H2O, 5% ACN and 0.1% formic acid) and Solvent B (95% ACN, 5% H2O
and 0.1% formic acid) using a flow rate of 400 μL min−1. The elution was in a linear gradient (0 min,
100% A; 1 min, 100% A; 2 min, 90% A, 10% B; 6 min, 60% A, 40% B; 10 min, 100% B; 12 min, 100% B;
14 min, 100% A; 15 min, 100% A). The temperature was kept at 20 ◦C during the whole procedure.
A splitter with a split ratio of 1:10 was used, where one part was used by the mass spectrometer and
ten parts were used for the waste. The Q-tof Ultima mass spectrometer was equipped with a Z-spray
ion source. Using the positive ion electrospray mode (+ESI), the analysis on the Q-tof was carried
out in V-mode with an instrument resolution between 9000 and 10,000 based on full width at half
maximum, with a flow rate of 400 μL min−1. The source temperature was set at 80 ◦C and desolvation
temperatures were set at 250 ◦C. The Q-tof was operated at a capillary voltage of 3.5 kV and a cone
voltage of 35 V. The final detector was a microchannel plate with high sensitivity. The MassLynx 4.1 V
software (Waters, Milford, CT, USA) was used to control the instruments and to process the data to
obtain the highest probability of the peptide’s sequences. Confirmation of peptide sequences in each
legume protein was performed using the BLAST® tool (http://www.blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 15 February 2019).

The potential biological activity of the peptides was predicted by using BIOPEP® database (http:
//www.uwm.edu.pl/biochemia, accessed on 16 February 2019). Peptide structures were predicted using
the PepDraw tool (http://www.tulane.edu/biochem/WW/PepDraw/, accessed on 16 February 2019).

2.7. Antioxidant Capacity Assays

2.7.1. ABTS Radical Scavenging Activity

The ABTS•+ radical cation was produced by reacting 7 mM 2,2′-azinobis (3-ethyl-benzothiazoline
-6-sulfonic acid) diammonium salt (ABTS) with 2.45 mM potassium persulfate. The mixture was left to
stand in the dark at room temperature for 20 h before use (overnight). The radical was stable in this form
under these conditions for more than 48 h. The ABTS•+ solution was diluted with 0.01 M phosphate
buffer (pH 7.4) to an absorbance of 0.70 ± 0.02 at 734 nm. The scavenging activity was expressed as
IC50 values Trolox equivalent per mg of the sample using the following equation y = 411.91x + 8.4207,
R2 = 0.99.

2.7.2. DPPH Radical Scavenging Activity

Antioxidant activity of legume hydrolysates was determined using DPPH (2,2-diphenyl-1
-picrylhydrazyl) free radical scavenging assay. Protected from light, 100 μL of each sample or buffer as
control was added to 1.5 mL of methanolic DPPH solution (0.1 mM) (1,1-diphenyl-2-picrylhydrazyl)
and stirred by vortex (3000 rpm) for 30 s. After 30 min of incubation, the absorbance of the solution
was read at 517 nm. The analytical curve was constructed using 5–205 μg/mL of the Trolox solution to
determine TE (y = 0.0016 x − 0.0294; R2 = 0.94). The results were expressed as IC50 values of Trolox
equivalent (TE) per mg of the sample.

2.7.3. Nitric Oxide (NO) Radical Scavenging

Nitric oxide production was estimated by the accumulation of nitrite (NO2), a stable product of the
nitric oxide (NO) reaction with oxygen in Griess reagent (1% sulfanilamide and 0.1% N-1-(naphtha-yl)
ethylenediamine dihydrochloride in 2.5% H3PO4). Sodium nitroprusside (SNP) was used as the NO
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donor. NO reacts with oxygen to produce nitrate and nitrite. Briefly, SNP (10 mM) in phosphate-buffered
saline was mixed with different concentrations of each LPH sample (0.1–5 mg/mL freeze-dried
hydrolysate). The samples were incubated at 25 ◦C. After 120 min, 0.5 mL incubated solution
was mixed with 0.5 mL of Griess reagent. Results were expressed as % inhibition related to PBS
treatment [26].

2.8. Biochemical Analyses to Determine Anti-Adipogenic Potential

2.8.1. Lipase Activity Measurement Using pH Indicator-Based Lipase Assay

Inhibitory pancreatic lipase activity was determined according to the method implemented by
Camacho-Ruiz et al. (2015) [27]. Briefly, to measure the formation of free fatty acids upon hydrolysis of
TG (4:0) or TG (8:0), each substrate was prepared with one volume of the substrate (50 mM dissolved
in tert-butanol), also containing the pH indicator, which was mixed vigorously on a vortex with
nine volumes of buffer solution to reach a final substrate concentration of 5 mM. Buffer solution
included 2.5 mM 3-Morpholinopropane-1-sulfonic acid (MOPS), 0.5 mM sodium taurodeoxycholate
hydrate (NaTDC), 150 mM NaCl, 6 mM CaCl2. Then, 20 μL of enzyme solution at appropriate dilution
in buffer was added in each microplate well and 100 μL of substrate emulsion was quickly added
using an eight-channel pipette. Subsequently, the plate was placed in a microtiter plate scanning
spectrophotometer (x-Mark™, Bio-rad, Hercules, CA, USA) and shaken for 5 s before each reading.
The decrease in absorbance at a wavelength corresponding to the λmax of the pH indicator was
recorded every 30 s at 37 ◦C. Blanks without enzyme were performed and data were collected at least
in triplicate for 15 min.

2.8.2. Hydroxy-3-methylglutaryl Coenzyme a Reductase (HMG-CoA Reductase) Activity Assay

The HMG-CoA reductase assay kit CS-1090 from Sigma-Aldrich (St. Louis, MO, USA) was carried
out under conditions recommended by the manufacturer at 37 ◦C. Statin drug (pravastatin) was
employed as a positive control. In summary, aliquots containing NADPH (4 μL), HMG-CoA substrate
(12 μL) and a buffer pH 7.4 were placed into a UV compatible 96-well plate. The analyses were initiated
by the addition of HMG-CoA reductase (2 μL) in each well and incubated in the presence or absence of
pravastatin (250 nM) or 5–0.1 mg/mL hydrolysate concentration of each LPH. The rate of NADPH
consumed was monitored by reading the decrease in absorbance at 340 nm by microtiter plate scanning
spectrophotometer (x-Mark™, Bio-rad, Hercules, CA, USA). The HMG-CoA-dependent oxidation of
NADPH and the inhibition properties of LPH were measured by the absorbance reduction, which is
directly proportional to the enzyme activity.

2.9. Isobolographic Analysis of PL Inhibitory Activity by LPH

The interactions were validated by isobolographic analysis in which the combinations were
comprised of equieffective doses of the individual components. Using the IC50 values of each LPH,
the additive line was plotted and the equieffective dose was calculated. Subsequently, a dose–response
curve of PL inhibition was obtained in a fixed-ratio for the mixture of LPH (1:1) that was based on the
IC50 values of each protein hydrolysate. The experimental IC50 values for the LPH combinations were
calculated. In an isobologram, when the protein hydrolysate combination IC50 lies on the theoretical
IC50 add line, then the mixture is considered to be synergistic. An interaction index (γ) was calculated
according to the following formula: IC50 combination/IC50 theoretical. Gamma values around 1
(γ = 1) indicated additive interaction; γ > 1 implied and antagonistic interaction and γ < 1 indicated a
synergistic interaction.

2.10. Molecular Docking (In Silico Analysis)

The structural mechanism by which the peptides present in LPH interact with the enzymes,
pancreatic lipase and HMG-CoA reductase was evaluated by in silico analysis through molecular
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docking, as described by Mojica et al. (2017) [28]. Molecular docking analysis was performed to
predict individual peptide biological potential using DockingServer® [29]. Peptides were designed
using the software Instant MarvinSketch (Chem Axon Ltd., Budapest, Hungary). The MMFF94 force
field [30] was used for the energy minimization of ligand molecules, peptides, orlistat and pravastatin.
Gasteiger partial charges were added to the peptide ligand atoms (peptides). Non-polar hydrogen
atoms were merged, and rotatable bonds were defined. Docking calculations were carried out on
PL (1LPB) and HMG-CoA reductase (1DQ9) protein crystal structures. Essential hydrogen atoms,
Kollman united atom type charges and solvation parameters were added with the aid of AutoDock
tools [31]. Affinity maps and spacing were generated using the Autogrid program. AutoDock parameter
set- and distance-dependent dielectric functions were used in the calculation of the van der Waals and
the electrostatic terms, respectively. Initial position, orientation and torsions of the ligand molecules
were set randomly. Each docking experiment was derived from 100 different runs that were set to
terminate after a maximum of 250,000 energy evaluations. The population size was set up to 150.
During the search, a translational step of 0.2 Å, and quaternions and torsion steps of 5 were applied.

2.11. Statistical Analysis

The results were expressed as the mean ± SD of at least two independent experiments with three
repetitions each and analyzed through ANOVA. Statistical significance (p < 0.05) was determined
using Student’s t-test for comparing mean pairs and Tukey’s test for multiple mean comparisons using
software JMP version 8.0 (SAS Institute, Cary, NC, USA).

3. Results

3.1. Protein Profile for LPI and LPH by Gel Electrophoresis Analysis

The SDS–PAGE analysis was conducted to observe the effect of enzymatic hydrolysis with
alcalase and pepsin/pancreatin in the molecular weight distribution of LPI (Figure 1A). Three lanes per
legume are depicted. The first lane represents LPI before hydrolysis; the second lane contains the LPI
after hydrolysis with the commercial enzyme alcalase (A); and the third lane contains the LPI after
simulated gastrointestinal digestion with pepsin and pancreatin (PP). Protein components of the LPI
ranged from 10 to 100 kDa. Enzymatic hydrolysis exerted an effect on molecular weight distribution,
mostly to the high molecular weight fractions. Black bean protein isolate (first lane) reveals several
major bands which are 47 and 44 kDa phaseolin bands [25] (Figure 1A). Phytohemagglutinin is also
visible, which corresponds to the 31 kDa band. Major identified proteins in common black bean
were phaseolin, lectin, protease and α-amylase inhibitors, Kunitz trypsin inhibitor and Bowman–Birk
inhibitor [32]. Green pea LPI revealed convicilin (72 kDa), legumin (25, 39 kDa) and vicilin (44, 32,
16 kDa) fractions [33]. In the case of lentil LPI, the most intense bands observed in the SDS–PAGE
correspond to subunits of vicilin (48 kDa) and convicilin (63 kDa). Other lower molecular mass
bands were observed which can represent gamma-vicilin and a mixture of albumin polypeptides [34].
The protein profile of chickpea and fava bean was also influenced by the hydrolysis process.

3.2. Degree of Hydrolysis

The effect of the digestion conditions on the degree of hydrolysis (DH) was evaluated. Figure 1B
shows the comparison between the LPI hydrolyzed with alcalase and by a simulation of gastrointestinal
digestion with PP. The average yield of hydrolysis ranged from 2.72% to 26.61% and 21.50% to 45.26%
for A-LPH and PP-LPH, respectively. In general, across all the legume hydrolysates, DH showed great
variability; however, significant differences between the enzymes alcalase and PP were observed in
the black bean, chickpea and fava bean hydrolysates. In the case of green pea and lentil hydrolysates,
no statistical differences were found using alcalase and PP enzyme. The lowest values of DH were
observed in chickpea and fava bean LPI hydrolyzed with alcalase.
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Figure 1. (A) Electrophoretic SDS–PAGE profile of legumes. Protein profile of black bean, green pea,
chickpea, lentil and fava bean, before and after hydrolysis with alcalase and simulated gastrointestinal
digestion. Each sample is presented in 3 wells: 1st well belongs to LPI profile (1), 2nd belongs to protein
isolate after hydrolysis with alcalase (2), and the 3rd belongs to protein isolate after pepsin/pancreatin
digestion (3). STD: standard. (B) Degree of hydrolysis (%) of legume protein isolates hydrolyzed with
alcalase (A-LPH) and after simulated gastrointestinal digestion with pp (PP-LPH). Different uppercase
letters indicate significant differences between alcalase and pepsin/pancreatin digestion (p < 0.05);
different lowercase letters indicate significant differences (p < 0.05) among legume protein hydrolysates.
Results represent the mean ± SD of at least two independent experiments.

3.3. Peptide Sequences and Predicted Bioactivity

The peptide sequences resulting from the PP and alcalase digestion were identified by
high-performance–liquid chromatography–electrospray ionization–mass spectrometry (LC–ESI–MS/MS).
Twenty-seven peptide sequences were obtained by alcalase enzymatic digestion and thirty-four
peptides were sequenced from PP. Peptide identity was confirmed by Blast tool and most peptides
were identified in legume parental proteins. Moreover, the physicochemical properties of the peptides
are listed in Table 1. A-hydrolysates and PP-hydrolysates showed peptides with around six and
eight amino acids, respectively. Most of their amino acids were aliphatic (glycine, proline, valine and
alanine), which are non-polar and hydrophobic. Molecular weight for both A and PP peptides ranged
from 440 (SPPE) to 1408 Da (VNPDPAGGPTSGRAL). The isoelectric point ranged from the acidic
pI 2.78 (DLVLDVPS) to alkaline pI 11.52 (KPSSAAGAVR). The net charge was neutral in 46% of the
peptides sequenced; 36% of the peptides presented negative charge and 18% were positively charged.
Hydrophobicity ranged from 4.88 (TKAGGTAF) to 22.78 kcal/mol (VELVGPK).

The biological potential of peptide sequences generated by A and PP is shown in Figure 2.
The percentage of biological potential is relative to the total bioactive peptides produced by each
enzymatic system used. Most peptides in all the legumes evaluated potentially exert activity by blocking
dipeptidyl peptidase-IV (DPP-IV) and angiotensin-converting enzyme (ACE). Potential biological
activities such as stomach mucosa regulator, antiamnestic, antithrombotic, antioxidative and glucose
uptake promoters were also observed.
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Figure 2. Potential biological activity (%) of different legume-generated peptides using Biopep
database. PP, pepsin/pancreatin; A, alcalase; DPP-IV, dipeptidyl peptidase IV inhibitor; ACE,
angiotensin-converting enzyme inhibitor; regulator, stomach mucosal membrane activity regulator.
Results represent the mean ± SD of at least two independent experiments.

3.4. Antioxidant Capacity

3.4.1. ABTS Radical Scavenging

The antioxidant capacity of the whole hydrolysate (LPH) was measured spectrophotometrically
by the disappearance of the blue/green stable ABTS•+ radical, caused by scavenging (Figure 3A).
The concentration of inhibitor required to produce 50% inhibition was calculated (IC50) and the results
of ABTS•+ radical assay were presented as Trolox equivalent (TE) antioxidant capacity using Trolox as
standard. PP–lentil hydrolysate was demonstrated to have the highest ability to scavenge the ABTS•+
radical (IC50 = 0.30 ± 0.13 TE/mL), which was followed by PP–black bean (IC50 = 0.60 ± 0.06 TE/mL)
and both PP and A–green pea hydrolysates (IC50 = 0.61 ± 0.03 and 0.60 ± 0.03 TE mg/mL, respectively)
(p < 0.05).

3.4.2. DPPH Inhibition Capacity

The antioxidant activity of LPH measured by DPPH• scavenging capacity is shown in Figure 3B.
Hydrolysates obtained from alcalase digestion showed higher DPPH• scavenging activity compared
to PP-LPH (p < 0.05). As the lower the IC50 value, the most potent scavenging capacity, A–chickpea
(IC50 = 0.68 ± 0.18 mg/mL) had the lowest IC50 value, followed by A–lentil (IC50 = 3.40 ± 0.30 mg/mL),
A–black bean (IC50 = 3.60 ± 1.50 mg/mL) and A–green pea (IC50 = 4.45 ± 1.03 mg/mL).

3.4.3. Nitric Oxide (NO) Scavenging Capacity

LPH were assessed for NO radical inhibitory activity (Figure 3C). It was found that NO
radical inhibitory activity showed no significant differences among IC50 values of PP–black bean
(0.23 ± 0.01 mg/mL), A and PP–green pea (0.20 ± 0.00 mg/mL and 0.25 ± 0.01 mg/mL, respectively),
PP–lentil (0.24 ± 0.04 mg/mL) and A and PP–fava bean (0.16 ± 0.01 mg/mL and 0.28 mg/mL ± 0.01,
respectively) hydrolysates.
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Figure 3. Antioxidant potential of LPH against different radicals. (A) ABTS scavenging activity
(IC50 TE mg/mL), (B) DPPH scavenging activity (IC50 TE mg/mL), (C) nitric oxide scavenging
activity (IC50 mg/mL). Different capital letters indicate significant differences between alcalase and
pepsin/pancreatin digestion (p < 0.05); different lowercase letters indicate significant differences
(p < 0.05) among legume protein hydrolysates. Results represent the mean ± SD of at least two
independent experiments.

3.5. Anti-Adipogenic Potential

3.5.1. Pancreatic Lipase Inhibitory Activity

LPH were tested for their ability to inhibit PL. All the hydrolysates demonstrated to inhibit the
enzyme in a dose-dependent manner, as shown in Figure 4A. There were no significant differences
between PP and A–black bean hydrolysates and PP and A–chickpea, (p < 0.05). PP–green pea
hydrolysate presented the lowest IC50 value (0.8 ± 0.06 mg/mL) among all the legume PP hydrolysates.
Nevertheless, the IC50 values of the PP–lentil hydrolysate (7.7 ± 0.64 mg/mL) and A–fava bean
hydrolysate (11.8 ± 1.75 mg/mL) were significantly higher (less potent inhibition) compared to the rest
of the hydrolysates.
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Figure 4. (A) Inhibition potential of LPH to pancreatic lipase (IC50 mg/mL). Orlistat synthetic
inhibitor IC50 = 2.73 μg/mL [31]. Different capital letters indicate significant differences between
alcalase and pepsin/pancreatin digestion (p < 0.05); different lowercase letters indicate significant
differences (p < 0.05) among legume protein hydrolysates. (B) Inhibition potential of LPH to HMG-CoA
(IC50 mg/mL). Simvastatin synthetic inhibitor IC50 = 0.08 μg/mL. Different capital letters indicate
significant differences between alcalase and pepsin/pancreatin digestion (p < 0.05); different lowercase
letters indicate significant differences (p < 0.05) among legume protein hydrolysates. Results represent
the mean ± SD of at least two independent experiments.

3.5.2. HMG-CoA Reductase Inhibitory Activity

HMGR catalyzes the rate-limiting step of the mevalonate pathway that leads to cholesterol
biosynthesis; thus, inhibition of its enzymatic activity plays a significant role in lowering endogenous
cholesterol levels during hypercholesterolemia [35]. Figure 4B shows the inhibition of HMGR activity by
PP and A hydrolysates. A–chickpea was the most effective hydrolysate with an IC50 = 0.15± 0.04 mg/mL,
followed by PP–lentil (IC50 = 1.17± 0.52 mg/mL), A–green pea (IC50 = 1.45± 0.25 mg/mL) and PP–green
pea (IC50 = 1.50 ± 0.07 mg/mL). By contrast, the highest IC50 value was observed in PP–chickpea
(IC50 = 8.84 ± 0.74 mg/mL).

3.5.3. Isobolograms of the LPH Interactions

The results of the isobolographic PL assay are presented in Figure 5A,B. It was observed that
three combinations of LPH showed synergistic potential, namely PP–green pea and A–black bean,
PP–green pea and A–green pea, A–black bean and A–green pea, with IC50 values of 0.40 ± 0.00 mg/mL,
0.95 ± 0.02 mg/mL and 0.65 ± 0.04 mg/mL, respectively.
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For the inhibition of HMGR, interactions among LPH presented synergistic and additive potential
(Figure 5B). A synergistic effect was observed with the combination of A–chickpea and PP–black bean
(IC50 = 1.33 ± 0.07), while additive interactions were observed between A–chickpea and PP–green pea
(IC50 = 0.84 ± 0.04 mg/mL) and PP–lentil and A–green pea (IC50 = 1.34 ± 0.00 mg/mL).

 

Figure 5. (A) Synergistic interaction of PP–green pea and A–black bean hydrolysates to block pancreatic
lipase (IC50 mg/mL). Bar plots represent the mean ± standard deviation of at least two independent
experiments, with only the expected and combined values compared statistically. Different number
of stars means significant difference (p < 0.05). The lower the values, the more potency. Results
represent the mean ± SD of at least two independent experiments. (B) Interactions between legume
hydrolysate combinations to block pancreatic lipase and 3-hydroxy-3-methylglutaryl coenzyme A
reductase HMGR. Results are expressed in IC50 mg/mL; γ value < 1 synergism, γ value = 1 additive
effect, γ value > 1 antagonism.

3.6. Molecular Docking Study of Peptides Inhibiting Pancreatic Lipase and HMG-CoA Reductase

Molecular docking analysis was performed to predict the potential of the LPH to interact with PL
and HMG-CoA reductase enzymes. Peptide and macromolecular target docking shows theoretical
affinity, type of interactions and distances [36,37]. Table 2 shows the minimum estimated free energy for
peptides sequenced from LPH, with PL and HMGR. Estimated free energy indicates that compounds
with the most negative value present higher potential to interact with the target enzyme. The peptides
studied had free energy values ranging from −5.5 (CSSSSG) to −7.6 (FEDGLV) kcal/mol for PL.
Peptide FEDGLV was obtained from A–lentil and CSSSSG from PP–chickpea. In the case of HMGR,
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binding affinities of peptides ranged from −6.1 (CSSSSG and GPPVDVPQ) to −8.8 (PYGVPVGVR)
kcal/mol, obtained from PP–chickpea and PP–fava bean, respectively. Orlistat and pravastatin were
also evaluated as a control, presenting free energy values of −5.6 and −6.2 kcal/mol for pancreatic
lipase and HMGR, respectively. The most stabilized pose of the peptide bonds with PL and HMG-CoA
reductase can be observed in Figure 6A,B, respectively. All the peptides identified in the different
legume protein hydrolysates were able to interact with amino acid residues of PL and HMGR catalytic
site. These peptides interacted with the enzymes mainly through hydrogen bonds and hydrophobic,
polar and cation π interactions.

 

Figure 6. Molecular docking diagrams, examples of the best pose of the most potent legume peptides
in the catalytic site of pancreatic lipase (A) and HMGR (B). Results represent the mean ± SD of at least
two independent experiments.
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4. Discussion

Vicilin and legumin-like proteins comprise more than 70% of the total proteins found in the
legumes used for this study. However, differences in the amino acid sequence of homologous proteins
contained in the legume species used can lead to changes in the protein profile obtained after the
hydrolysis treatment.

A higher DH is indicative of more peptide bonds cleaved, resulting in lower molecular weight
peptides [38]. The application of the enzymatic hydrolysis with A and PP notably changed the structure
of the legume native proteins. These changes can be noted in the disappearance of protein bands
higher than 10 kDa after treatment and the formation of polypeptides with lower molecular mass.
Similar findings were obtained in a study of legume isolate proteins [39].

The enzymatic action of pepsin and pancreatin in a sequential way to perform the simulated
gastrointestinal digestion increases the enzyme selectivity and specificity, enabling the production of a
larger number of small protein fractions or free amino acids [40]. Increasing cleavage sites are available
for the second enzyme after the first one has acted, thus forming a more diverse mixture of amino
acid residues in comparison to alcalase. According to these results, the action of the gastrointestinal
enzymes was more effective to cleave distinct peptide bonds in black bean, chickpea and fava bean
LPI. Even though enzymatic hydrolysis with PP treatment exhibited higher DH in the mentioned
legumes, the action of alcalase showed the same effect as PP in green pea and lentil. These results
suggest that fractions of vicilin commonly found in plants such as peas or lentils were susceptible
to digestion with the different enzymatic treatments [41,42]. On the other hand, due to the very
broad substrate specificity, alcalase can hydrolyze most peptide bonds within a protein molecule.
Therefore, its use on substrates like legume proteins causes a high degree of hydrolysis, producing
many peptides of small sizes [43]. The low DH values obtained in fava bean and chickpea LPH with
alcalase could be related to vicilin, as this protein is known for its emulsifying, foaming and gelling
properties [44,45]. Moreover, legumes rich in glutamic acid could have led to lower degradation by
alcalase. This enzyme has a negative charge in physiological pH, which may diminish the DH due to
the net negative charge present in glutamic acid [46]. In addition, resistance toward enzymatic activity
may be a consequence of structural differences and the compactness of proteins [33]. Similar results
were found by Ghribi et al. (2015) [47] in chickpea isolates hydrolyzed with alcalase, where it was
found that a small degree of chickpea hydrolysis (DH = 4%) could enhance the emulsifying properties
of chickpea protein. In another study performed with fava bean by Liu et al. (2019) [48], this moderate
alcalase hydrolysis suggests the production of suitable lower molecular mass that could result in a
more flexible peptide structure, increased surface charge and hydrophobicity, which could positively
affect the emulsifying activity [41,49].

All the hydrolysates demonstrated the potential to inhibit pancreatic lipase and HMG-CoA
reductase in a dose-dependent manner. According to the literature, Lee et al. (2015) [50] performed
an inhibition assay for pancreatic lipase with phenolic compounds from methanolic extracts of seven
selected legumes. The results showed pancreatic lipase inhibition in a dose-dependent manner, with no
significant differences among red bean, chickpea, black soybean, yellow soybean and black-eyed
pea extracts. The lowest reported IC50 values were for red bean (5.90 ± 0.59 mg/mL), chickpea
(6.97 ± 2.19 mg/mL) and black soybean (6.65 ± 0.62 mg/mL). These values are higher (less potent)
compared to most of the hydrolysates obtained in this work. The variation may be attributed to
the differences in the extraction system, the varieties used and the bioactive compounds present in
legume protein hydrolysates. Another report associated the peptide fragments released after protein
enzymatic hydrolysis with the potential to act as HMGR inhibitors. For instance, the authors identified
peptide sequences below 3 kDa from amaranth protein with hypocholesterolemic potential (GGV,
IVG and VGVL) [51]. Recent studies performed on soybean glycinin andβ-Conglycinin protein-derived
peptides have also reported that these peptides could inhibit HMGR activity in vitro and in silico
studies [52,53].
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From all evaluated legume protein hydrolysate combinations used to block PL and HMG-CoA
reductase activities, four combinations acted synergistically. PP–green pea with A–black bean,
PP–green pea with A–green pea and A–black bean with A–green pea were demonstrated to inhibit
more efficiently the activity of PL. Furthermore, the A–chickpea and PP–black bean combination
acted synergistically against HMG-CoA reductase activity. Previous studies have demonstrated the
efficacy of legume protein hydrolysates to inhibit markers related to obesity (black bean, green pea and
chickpea hydrolysates) [19,54–56]. Several reports have demonstrated synergistic interactions among
diverse bioactive compounds. For instance, synergistic and additive interactions of peptides produced
from black bean for ACE inhibition were reported by Luna-Vital et al. (2015) [57]. The combination of
peptides GLTSK and MTEEY showed a synergistic interaction, reducing the concentration needed to
inhibit half of the enzymatic activity by approximately 30%. Further studies focusing on each peptide
sequence are essential to confirm the possible effects of their interaction. These interactions can be
significant and lead to lower effective dosages associated with the effects of pure compounds [58–60].
There is evidence that legume protein hydrolysates could interact with enzymes related to obesity.
Exploring the possibilities to improve their performance, along with increasing the desired effect,
is important.

The peptide profile of the protein hydrolysates obtained was different due to the legume source
and enzyme used. As a result of the enzymatic hydrolysis and the specificity of the enzymes used,
the biological activity of the legume protein hydrolysates was conferred by the specific combination
of both protease used and source of proteins. The amino acid profile in peptide sequences with
higher biological activity was associated with aliphatic amino acids, sulfur-containing and aromatic
amino acids. Through molecular docking, it was possible to predict the binding affinity to the target
enzymes (LP and HMG-CoA reductase). Peptide sequences presented lower predicted free energy
values compared to the available drugs orlistat and pravastatin. These results suggest that they have
a higher affinity for the catalytic site, thus exerting significant potential anti-adipogenesis activity.
Non-polar interactions among peptide sequences and evaluated enzymes were more common due to
the frequency of the aliphatic amino acids.

In addition to the effect of the enzymes related to lipid metabolism (LP and HMG-CoA
reductase), obesity is associated with the production of reactive oxygen species and increased
oxidative stress [8]. Peptides are able to contribute to the antioxidant defense in the body, being able
to rapidly scavenge reactive oxygen species before cellular damage, therefore inactivating them [61].
The antioxidant capacity of the legume hydrolysates was measured using free radicals generated
by ABTS and DPPH. Even though the meaning of the results obtained with these assays is limited
as they use no physiological radicals, it is still possible to achieve representative data evaluating
antioxidant activity [62]. Lentil protein hydrolysate generated with PP showed higher potential
to scavenge the radical ABTS• compared to the lentil protein hydrolysate generated using alcalase.
Different legumes have demonstrated antioxidant capacities through this method. For instance,
Ngoh et al. (2016) [63] determined the antioxidant activity presented in pinto bean peptides; in this
study, peptide fractions < 3 kDa exhibited 42.2% inhibition of ABTS•+ scavenging activity. The results
for DPPH• suggest that lower DH in A-LPH may enhance the potential to scavenge the radical DPPH•.
This is consistent with previous reports by Evangelho et al. (2017) [64], where it was observed that
alcalase protein hydrolysates obtained from black bean showed higher DPPH• scavenging capacities
at lower DH. Likewise, similar findings were observed in a study performed by Kou et al. (2013) [65]
showing that chickpea peptides obtained by alcalase exhibited 41.3% DPPH• radical scavenging
activity. Another free radical scavenging evaluation was performed with NO. This radical plays an
important role in inflammatory processes; high levels of NO and its oxidized derivatives are known to
be toxic, resulting in vascular damage and other ailments [66]. Legume protein hydrolysates showed
the potential to scavenge NO, with important results. In the case of the NO scavenging capacity,
the most potent legume hydrolysates were the ones hydrolyzed with PP. Pepsin/pancreatin protein
hydrolysates presented a more extensive degree of hydrolysis, leading to more diversity of peptides in
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the protein hydrolysate. In a study performed by Oseguera-Toledo et al. (2015) [26], potent hydrolysate
fractions of 5–10 kDa were obtained with the enzyme alcalase. These hydrolysates from black bean
demonstrated the capacity to scavenge the radical NO with a range of inhibition from 57.46% to 68.26%.

Protein hydrolysates from selected legumes could participate in the inhibition of the enzymatic
activity of LP and HMG-CoA reductase. Besides this, legume protein hydrolysates show the potential
to exert antioxidant activity.

5. Conclusions

Legumes are an important source of ingredients for the formulation of healthy foods. Legume
protein hydrolysates were able to block pancreatic lipase and HMG-CoA reductase using in silico and
biochemical assays. Furthermore, legume protein hydrolysates showed important radical scavenging
activities against ABTS, DPPH and NO radicals. These results shed light on the potential antioxidant
activity of the peptides. More importantly, the combination of different legume protein hydrolysates
inhibited synergistically the adipogenesis-related enzymes evaluated. Further studies are needed to
determine the anti-obesity potential and the antioxidant capacity of pure synthesized peptides and
their combinations. Mixtures of legume protein hydrolysates could be used as functional ingredients
in the formulation of foods with the potential to prevent or treat non-communicable diseases such
as obesity.
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Abstract: Fermented tea (Cha-miang in Thai) is a local product made by traditional food preservation
processes in Northern Thailand that involve steaming fresh tea leaves followed by fermenting in
the dark. Information on changes in nutritive values, bioactive compounds, antioxidant activities,
and health properties that occur during the steaming and fermenting processes of tea leaves is,
however, limited. Changes in nutritive values, phenolics, antioxidant activities, and in vitro health
properties through inhibition of key enzymes that control obesity (lipase), diabetes (α-amylase and
α-glucosidase), hypertension (angiotensin-converting enzyme (ACE)), and Alzheimer’s disease
(cholinesterases (ChEs) and β-secretase (BACE-1)) of fermented tea were compared to the corre-
sponding fresh and steamed tea leaves. Results showed that energy, carbohydrate, and vitamin B1
increased after steaming, while most nutrients including protein, dietary fiber, vitamins (B2, B3, and
C), and minerals (Na, K, Ca, Mg, Fe, and Zn) decreased after the steaming process. After fermentation,
energy, fat, sodium, potassium, and iron contents increased, while calcium and vitamins (B1, B2, B3,
and C) decreased compared to steamed tea leaves. However, the contents of vitamin B1 and iron
were insignificantly different between fresh and fermented tea leaves. Five flavonoids (quercetin,
kaempferol, cyanidin, myricetin, and apigenin) and three phenolic acids (gallic acid, caffeic acid, and
p-coumaric acid) were identified in the tea samples. Total phenolic content (TPC) and antioxidant
activities increased significantly after steaming and fermentation, suggesting structural changes in
bioactive compounds during these processes. Steamed tea exhibited high inhibition against lipase,
α-amylase, and α-glucosidase, while fermented tea possessed high anti-ChE and anti-ACE activities.
Fresh tea exhibited high BACE-1 inhibitory activity. Results suggest that tea preparations (steaming
and fermentation) play a significant role in the amounts of nutrients and bioactive compounds,
which, in turn, affect the in vitro health properties. Knowledge gained from this research will support
future investigations on in vivo health properties of fermented tea, as well as promote future food
development of fermented tea as a healthy food.

Keywords: Cha-miang; fermented tea; bioactive compounds; nutritive values; enzyme inhibitory activities

1. Introduction

Tea (Camellia sinensis) is a globally popular drink with a higher consumption rate than
coffee, wine, beer, and soft drinks [1]. Tea is also used in both pharmaceutical and industrial
applications. The key chemical compounds in tea that control the flavor and taste consist
of volatile terpenes, organic acids, caffeine, and polyphenols (present predominantly as
catechins; others are gallic acid, caffeic acid, chlorogenic acid, quercetin, kaempferol, and
myricetin) [1,2]. Tea has health benefits, with positive effects in terms of antihypertensive,
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antiarteriosclerotic, hypocholesterolemic, and hypolipidemic activities [3]. Fermented tea
is also popular among tea drinkers as a new flavor with diverse bioactive compounds.
Thai fermented tea (or Cha-miang) is a local product in Northern Thailand, which serves
as an alternative application to consume tea [4]. Conventional methods of fermentation
vary among regions; however, the basic procedures include steaming for 1–2 h before
fermenting in the dark for several days or up to a year [2]. Instead of drinking tea, the
final product of Cha-miang is chewing or eating tea with a sour–bitter taste, consumed as a
snack alone or served with salt and other ingredients such as roasted coconut, shredded
ginger, and garlic [2]. Previously, chewing Cha-miang was only popular in the elderly.
However, chewing has become a normal habit for all ages. Therefore, it is of great interest
to investigate the nutrients and health properties of this historical food product for the
future development of other functional foods and drinks from Cha-miang.

Cha-miang possesses many beneficial attributes in food, pharmaceutical, and nu-
traceutical applications. It is rich in phenolic compounds, with several health benefits
including antimicrobial and antioxidant activities [2,5] due to the nutritional biotransfor-
mation which occurs during the fermenting process [6]. Cha-miang is considered to be
a unique cultural food with limited consumption among locals; nevertheless, beneficial
health properties resulting from variations in bioactive compounds and nutritional changes
have not been previously investigated. Currently, regulations on the activity of key en-
zymes that can ameliorate the incidence of noncommunicable diseases (NCDs) such as
obesity, diabetes, Alzheimer’s disease (AD), and hypertension have received attention due
to enzyme characteristics in enzyme–substrate specificity [7]. Obesity is a major global
public health problem that is continuously increasing due to lifestyle changes. Obesity can
be controlled through the triglyceride-hydrolyzing enzyme, lipase. Inhibition of lipase
decreases the rate of fat digestion and, thus, absorption [8]. Likewise, a new approach
for diabetic management involves inhibition of the carbohydrate-hydrolyzing enzymes,
α-amylase and α-glucosidase [9,10], while prevention of hypertension is associated with
control of the angiotensin-converting enzyme (ACE) [11]. Recent pathways to control AD
include termination of the physiological role of cholinergic synapses and β-amyloid forma-
tion via inhibition of the key enzymes, acetylcholinesterase (AChE), butуrylсholinesterase
(BChE), and β-secretase (β-site amyloid precursor protein cleaving enzyme 1 or BACE-
1) [12–15]. However, despite this information, limited data exist regarding the effects of
steaming and fermenting processes on nutritive values, bioactive compounds, antioxidant
activities, and prevention of obesity, diabetes, hypertension, and AD via inhibition of
the key enzymes controlling these diseases. Therefore, here, changes in nutritive values,
bioactive compounds, and antioxidant activities during Cha-miang preparation (fresh
tea leaves compared to steamed and fermented tea leaves) were investigated. Changes
in in vitro health properties through inhibition of the key enzymes that control obesity
(lipase), diabetes (α-glucosidase and α-amylase), hypertension (ACE), and AD (AChE,
BChE, and BACE-1) of fresh tea leaves compared to the corresponding steamed and fer-
mented tea leaves were also examined. Knowledge gained from these experiments can be
used to support the consumption of Cha-miang as a healthy food and promote the future
development of other functional foods from Cha-miang.

2. Materials and Methods

2.1. Sample Preparation, Microbiological Analysis, and Extraction

Fresh tea leaves (Camellia sinensis var. assamica), as well as steamed and fermented
teas, were collected from Chiang Rai Province, Thailand in October 2017. Briefly, fermented
tea was prepared by collecting the tea leaves into small bundles using bamboo strips,
followed by steaming at 100 ◦C for 1 h before cooling. The steamed tea leaves underwent
nonfilamentous fungal-based fermentation (or a single-step fermentation process) [2]. The
steamed tea leaves were packed in a cement container and tightly wrapped in the dark
at ambient temperature to minimize air content and to initiate the fermentation in an
anaerobic environment. Fermentation occurred for 1 month. The fresh, steamed, and
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fermented tea leaves (1 kg each, n = 3) were collected throughout the preparation to ensure
homogeneity of the leaves.

To perform the microbiological analysis, 10 g of fermented tea leaves were aseptically
weighed and homogenized with 90 mL of 0.85% (w/v) NaCl solution. The mixture was
subjected to 10-fold serial dilution and analyzed using the spread plate technique. Media
used for microbial enumeration included plate count agar (PCA) (Merck, Darmstadt,
Germany) incubated at 37 ◦C for 48 h for total viable bacteria, de Man Rogosa and Sharpe
(MRS) agar (Difco, Franklin Lakes, NJ, USA) incubated at 37 ◦C for 48 h for total lactic acid
bacteria, and yeast mold (YM) agar (Difco, Franklin Lakes, NJ, USA) incubated at 25 ◦C
for 3–5 days for yeast and mold. Microbial numbers were calculated and expressed as log
colony-forming units (CFU) per gram of sample.

The samples were prepared for antioxidant analysis and in vitro health properties by
freeze-drying for 3 days in a freeze-dryer (Heto PowerDry PL9000 series from Heto Lab
Equipment, Allerod, Denmark). Dry samples were then ground into fine powder using a
grinder (Philips 600W series from Philips Electronics Co., Ltd., Jakarta, Indonesia) before
packing in vacuum aluminum foil bags and keeping at −20 ◦C in a freezer until required
for further analysis. Moisture content was analyzed utilizing a Halogen moisture analyzer
(HE53 series, Mettler-Toledo AG, Greifensee, Switzerland).

Extractions to determine total phenolic contents, antioxidant activities, and enzyme
inhibitory activities were performed as follows: the dry samples (400 mg) were dissolved in
10 mL of distilled water and incubated at 70 ◦C for 1 h using a water-bath shaker (WNE45
series from Memmert GmBh, Eagle, WI, USA). The supernatant was collected via centrifu-
gation at 3800× g (a Hettich® Rotina 38R refrigerated centrifuge from Andreas Hettich
GmbH, Tuttlingen, Germany) for 15 min and filtered through a 0.45 μM polyethersulfone
(PES) membrane syringe filter. All extracted samples were stored at −20 ◦C until required
for further analysis.

2.2. Determination of Nutritive Values

The nutritive values of fresh samples were determined utilizing the standard protocols
of the Association of Official Analytical Chemists (AOAC) [16] at the Institute of Nutrition,
Mahidol University (ISO/IEC 17025:2005). Nutritional values including moisture content,
energy, protein, fat, carbohydrate, total dietary fiber, soluble dietary fiber, insoluble dietary
fiber, ash, minerals (Na, K, Ca, Mg, Fe, and Zn), and vitamins (vitamin C, B1, B2, and B3)
were reported as per 100 g fresh weight, as shown in Table S1 (Supplementary Materials).
To accurately determine the effect of the steaming and fermenting processes, nutritional
contents were calculated and reported per 100 g dry weight.

Moisture content was determined by drying the fresh sample in a 100 ◦C hot-air oven
(Memmert Model UNE 500, Eagle, WI, USA) until the sample weight was constant (AOAC
930.04, 934.01).

Protein content was determined via the Kjeldahl method using digestion and distil-
lation units (Buchi Model K-435 and B-324, Flawil, Switzerland, respectively) and then
calculated using a conversion factor of 6.25 (AOAC 992.23).

Crude fat content was analyzed via acidic digestion and extracted with petroleum
ether using a Soxtec System (Tecator Model 1043, Hoganas, Sweden) (AOAC 948.15, 945.16).

Total dietary fiber, soluble dietary fiber, and insoluble dietary fiber were determined
via the enzymatic gravimetric method (AOAC 991.42 for soluble dietary fiber and AOAC
991.43 for insoluble dietary fiber). The sample was sequentially digested with α-amylase,
amyloglucosidase, and protease. Soluble and insoluble dietary fibers were calculated sepa-
rately, while total dietary fiber was indirectly calculated as the sum of both dietary fibers.

Ash content was determined via incineration in a muffle furnace (Carbolite Model
CWF 1100, Hope, UK) at 550 ◦C (AOAC 930.30, 945.46).

Carbohydrate and energy were derived via calculation using the following equations:

Total carbohydrate (g) = 100 − moisture − protein − total fat − ash.
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Energy (kcal) = (total carbohydrate × 4) + (protein × 4) + (total fat × 9).

Ash residue was used to determine calcium, sodium, and potassium contents using a
flame atomic absorption spectrophotometer (AAS, Thermo S series, Waltham, MA, USA)
(AOAC 985.35), while magnesium, iron, and zinc contents were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES) (AOAC 984.27).

Vitamin C was determined by extracting the samples in 10% (v/v) metaphosphoric
acid (MPA) before filtering through a 0.22 μM polytetrafluorothylene (PTFE) membrane
syringe filter and loading to a high-performance liquid chromatography (HPLC) system
utilizing a Waters 515 pump (Waters Corporation, Milford, MA, USA), a Zorbax original
ODS column (5 μm, 250 × 4.6 × 10−3 m, Agilent Technologies, Santa Clara, CA, USA), and
an isocratic solvent system (0.5% (v/v) KH2PO4, adjusted to pH 2.5 with H3PO4) with a flow
rate of 0.8 mL/min [17]. Vitamin C was visualized at 254 nm using an ultraviolet/visible
light (UV/Vis)-975 detector (JASCO International Co., Ltd., Tokyo, Japan).

Vitamin B1 (thiamine) and B2 (riboflavin) were extracted following the protocol of
AOAC method no. 942.23 and 970.65, respectively [16], and detected utilizing an HPLC sys-
tem with a pump (LC-20AT pump, Shimadzu Scientific Instrument, Columbia, MD, USA),
and fluorescence detector (FP-920, JASCO International Co., Ltd., Tokyo, Japan). Vitamin
B1 and B2 were separated by a Luna® C18(2) 100A column (5 μm, 250 × 4.6 × 10−3 m,
Phenomenex, Torrance, CA, USA) under an isocratic solvent system (50% (v/v) methanol)
with a flow rate of 1.0 mL/min [18,19].

Vitamin B3 (niacin) was extracted following the protocol of AOAC method no. 961.14 [16]
and detected utilizing an HPLC system with a pump (1200 series G1310A isocratic pump,
Agilent Technologies, Santa Clara, CA, USA), and variable wavelength detector (VWD)
UV detector (1100 series G1314B, Agilent Technologies, Santa Clara, CA, USA). Vitamin B3
was separated by a Luna® C8(2) 100A column (5 μm, 250 × 4.6 × 10−3 m, Phenomenex,
Torrance, CA, USA) under an isocratic solvent system (15% (v/v) methanol) with a flow
rate of 1.0 mL/min [20,21].

2.3. Determination of Phenolic Profiles

Phenolic profiles were determined utilizing the Agilent 1100 HPLC system with a
photodiode array detector (Agilent Technologies, Santa Clara, CA, USA), a 5 μm Zorbax
Eclipse XDB-C18 column (150 × 4.6 mm from Agilent Technologies), and a solvent system,
as described previously [22]. Phenolics were identified at 280 nm and 325 nm using a
ChemStation software (Agilent Technologies, Santa Clara, CA, USA) by comparing the
retention time (tR) and spectral fingerprint with standards. The standards for phenolic
acids were caffeic acid (>98.0% HPLC, T), chlorogenic acid (>98.0% HPLC, T), p-coumaric
acid (>98.0% GC, T), ferulic acid (>98.0% GC, T), 4-hydroxybenzoic acid (>99.0% GC, T),
sinapic acid (>99.0% GC, T), and syringic acid (>97.0% T) from Tokyo Chemical Industry
(Tokyo, Japan), and gallic acid (97.5–102.5% T) from Sigma-Aldrich (St. Louis, MO, USA).
Standards for flavonoids were apigenin (>98.0% HPLC), kaempferol (>97.0% HPLC),
hesperidin (>90.0% HPLC, T), myricetin (>97.0% HPLC), luteolin (>98.0% HPLC), quercetin
(>98.0% HPLC, E), and naringenin (>93.0% HPLC, T) from Tokyo Chemical Industry
(Tokyo, Japan), and isorhamnetin (≥99.0% HPLC) from Extrasynthese (Genay, France).
Anthocyanins were visualized at 524 nm, in which the tR and spectral fingerprint were
compared with standards including cyanidin (≥96.0% HPLC), malvidin (≥97.0% HPLC),
delphinidin (≥97.0% HPLC), petunidin (≥95.0% HPLC), and peonidin (≥97.0% HPLC)
from Extrasynthese (Genay, France). The validation parameters for HPLC analysis are
shown in Table S2 (Supplementary Materials) and HPLC chromatograms are shown in
Figure S1 (Supplementary Materials).

Total phenolic content (TPC) was analyzed utilizing Folin–Ciocalteu’s phenol as a
reagent and gallic acid (0–200 μg/mL) as a standard, as previously reported [23,24]. Results
were monitored at 765 nm using a SynergyTM HT 96-well UV/visible microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA) and Gen 5 data analysis software.
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2.4. Determination of Antioxidant Activities

Antioxidant activities were analyzed via 2,2-diphenyl-1-picrylhydrazyl (DPPH) rad-
ical scavenging, ferric ion reducing antioxidant power (FRAP), and oxygen radical ab-
sorbance capacity (ORAC) assays using well-established protocols [25–28]. The DPPH
radical scavenging assay utilizing DPPH in 95% (v/v) aqueous ethanol and the Trolox
standard (0.01–0.64 mM) was performed as previously described [25,28]. The FRAP as-
say utilizing FRAP reagent and the Trolox standard (7.81–250.00 μM) was determined
according to the previously reported procedures [26,28]. The ORAC assay utilizing flu-
orescein reagent and the Trolox standard (3.12–100.00 μM) was analyzed as previously
described [27,28].

2.5. Determination of Enzyme Inhibitory Activities

Lipase inhibitory activity was determined using a well-established protocol as previ-
ously described [29]. Briefly, the reaction consisted of 100 μL of 0.01 mg/mL Candida rugosa
lipase (type VII, ≥700 unit/mg) in 50 mM Tris (pH 8.0) containing 0.1% (w/v) bovine
serum albumin (BSA), 50 μL of 0.2 mM 5-5′-dithiobis(2-nitrobenzoic-N-phenacyl-4,5-
dimethyуhiazolium bromide) (DMPTB) in 50 mM Tris (pH 7.2) containing 10 mМKCl and
1 mM ethylenediaminetetraacetic acid (EDTA), 10 μL of 16 mM 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) in 50 mM Tris (pH 7.2) containing 10% (v/v) Triton X-100, 10 mM KC1,and
1 mM EDTA, and 40 μL of extract. Lipase inhibitory activity was monitored at 412 nm
using the microplate reader. Results were calculated as percentage inhibition using the
following equation:

% inhibition =

(
1 − B − b

A − a

)
× 100,

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

The α-glucosidase inhibitory activity was determined using a well-established pro-
tocol as previously described [22]. Briefly, the reaction consisted of 50 μL of 2 mM
p-nitrophenyl-α-D-glucopyranoside in a 50 mM phosphate buffer (pH 7.0), 100 μL of
0.1 U/mL Saccharomyces cerevisiae α-glucosidase (type 1, ≥10 U/mg protein), and 50 μL of
extract. The α-glucosidase inhibitory activity was monitored at 405 nm using the microplate
reader, and inhibition percentage was calculated as described above.

The α-amylase inhibitory activity was determined using a well-established protocol as
previously described [22]. Briefly, the reaction consisted of 50 μL of 30 mM p-nitrophenyl-
α-D-maltohexaoside in a 50 mM phosphate buffer (pH 7.0) containing 200 mM KCl, 100 μL
of 30 mg/mL of porcine pancreatic α-amylase (tуреVII, ≥10 unit/mg), and 50 μL of extract.
The α-amylase inhibitory activity was monitored at 405 nm using the microplate reader,
and inhibition percentage was calculated as described above.

Acetylcholinesterase (AChE) inhibitory activities were determined using a well-
established protocol as previously described [22]. Briefly, the reaction consisted of 100 μL
of 20 ng of Electrophorus electricus AChE (1000 units/mg) in 50 mM potassium phosphate
buffer (KPB) (pH 7.0), 10 μL of 16 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), 40 μL
of 0.8 mM acetylthiocholine in 50 mM KPB (pH 7.0), and 40 μL of extract. Likewise, the
butyrylcholinesterase (BChE) assay consisted of 100 μL of 0.5 μg/mL equine serum BChE
(≥10 units/mg protein), 50 μL of 0.4 mM butуlthioсholine (BTCh) in 50 mM KPB (pH 7.0)
containing MgCl2 (1 mM), 10 μL of 16 mM DTNB in 50 mM KPB (pH 7.0), and 40 μL of
extract. Inhibitory activity was monitored at 412 nm using the microplate reader. The
inhibition percentage was then calculated as above.

Beta-secretase (BACE-1) inhibitory activity was measured using a BACE1 FRET Assay
Kit (Sigma-Aldrich, St. Louis, MO, USA) with slight modifications [22]. The assay con-
sisted of 2 μL of 0.3 U/μL BACE-1, 20 μL of 50 mM BACE-1 substrate (Rh-EVNLDAEFK-
Quencher in 50 mM ammonium bicarbonate) in BACE-1 assay buffer (50 nM sodium
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acetate), and 20 μL of extract. The enzyme reaction was monitored at an excitation wave-
length of 545 nm and an emission wavelength of 585 nm using the microplate reader. The
result was calculated as percentage inhibitory activity using the equation below.

% inhibition =

(
1 − B − b

A − a

)
× 100,

where A is the absorbance of reaction with enzyme (control), a is the absorbance of re-
action without enzyme (control blank), B is the absorbance of the enzyme reaction with
extract (sample), and b is the absorbance of the reaction with extract but without enzyme
(sample blank).

High-throughput angiotensin-converting enzyme (ACEX) inhibitory activity was
determined according to a previously described assay with slight modifications [30]. The
reaction consisted of 3 μL of 0.5 U/mL rabbit lung ACE (≥2 unit/mg), 30 μL of 3 mM
hippuryl-histidyl-leucine (HHL) in 50 mМKРB (pH 7.0) containing 0.025 NaOH and 3 M
NaCl, and 50 μL of extract. The mixture was then incubated at 37 ◦C for 30 min in the
dark. To stop the enzyme reaction, 177 μL of 0.28 M NaOH was added to the mixture.
Then, 15 μL of 20 mg/mL o-phthaldialdehyde in aqueous methanol was added to visualize
the enzyme reaction, and 25 μL of 3 M HCl was added to neutralize the reaction. The
reaction was monitored at an excitation wavelength of 360 nm and an emission wavelength
of 485 nm using the microplate reader. Results were calculated as percentage inhibitory
activity, similar to the BACE-1 assay.

All enzymes, chemicals, and reagents used in the enzyme inhibitory assays were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.6. Statistical Analysis

The experiments were performed in triplicate (n = 3). The results were expressed
as mean ± standard deviation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) and a Duncan’s multiple comparison test with significant
differences between values at p < 0.05.

3. Results

3.1. Microbial Numbers of Fermented Tea Leaves

Microbiological analysis of fermented tea leaves gave microbial numbers of total
viable bacteria, lactic acid bacteria, and yeast and mold as 6.57, 6.66, and 6.49 log colony-
forming units (CFU)/g sample, respectively (Table 1). Similar results were reported by
Ketwal et al. (2014), suggesting that total viable bacteria and yeast and mold detected in
fermented tea leaves (Cha-miang) were in the range of 6–10 log CFU/g sample [31], while
lactic acid bacteria detected in Cha-miang were in the range of 6–8 CFU/g sample [6].

Table 1. Microbial numbers of viable bacteria, lactic acid bacteria, and yeast and mold in fermented
tea (log colony-forming units (CFU)/g sample).

Sample
Microbial Numbers (log CFU/g Sample)

Total Viable Bacteria Lactic Acid Bacteria Yeast and Mold

Fermented tea 6.57 ± 0.07 6.66 ± 0.07 6.49 ± 0.01
All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3).

3.2. Nutritive Values

Nutritive values per 100 g dry weight (DW) suggested that fermented tea leaves
possessed significantly higher energy levels (389.89 kcal) than steamed and fresh tea leaves
(386.49 and 372.38 kcal, respectively) (Table 2). The high energy detected in fermented tea
leaves was contributed from the high fat and carbohydrate contents. Low fat content was
detected in fresh and steamed tea leaves (1.76 and 1.75 g, respectively); however, a signifi-
cantly higher amount was detected in fermented tea leaves (3.20 g). High carbohydrate
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content was found in steamed and fermented tea leaves (67.99 and 67.69 g, respectively),
while a significantly lower amount was found in fresh tea leaves (38.74 g). Fresh tea leaves
contained the highest content of total dietary fiber, as well as soluble and insoluble dietary
fibers (88.06, 15.23, and 72.83 g, respectively). Insoluble dietary fiber in fresh samples
was approximately 4.8 times higher than soluble dietary fiber. Steamed and fermented
tea leaves possessed 2.6–2.9 times higher insoluble dietary fiber than soluble dietary fiber.
Fresh tea leaves also expressed a significantly higher amount of protein (50.40 g) than
steamed and fermented tea leaves (24.70 and 22.58 g, respectively). Ash content was found
in small amounts in all samples (5.57–9.10 g).

Table 2. Nutritional compositions of fresh, steamed, and fermented tea leaves.

Nutrients
Nutritive Values (per 100 g Dry Weight)

Fresh Tea Leaves Steamed Tea Leaves Fermented Tea Leaves

Energy (kcal) 372.38 ± 1.32 c 386.49 ± 0.67 b 389.89 ± 0.73 a

Protein (g) 50.40 ± 1.08 a 24.70 ± 1.32 b 22.58 ± 1.44 b

Fat (g) 1.76 ± 0.04 b 1.75 ± 0.13 b 3.20 ± 0.23 a

Carbohydrate (g) 38.74 ± 1.33 b 67.99 ± 1.78 a 67.69 ± 2.14 a

Total dietary fiber (g) 88.06 ± 4.24 a 51.99 ± 3.22 b 50.11 ± 3.56 b

Soluble dietary fiber (g) 15.23 ± 0.88 a 13.48 ± 0.91 a 13.82 ± 1.67 a

Insoluble dietary fiber (g) 72.83 ± 3.35 a 38.52 ± 2.31 b 36.28 ± 1.89 b

Ash (g) 9.10 ± 0.29 a 5.57 ± 0.33 c 6.53 ± 0.47 b

Minerals

Calcium (mg) 587.69 ± 14.86 a 511.31 ± 32.49 b 453.65 ± 31.60 c

Sodium (mg) 227.15 ± 15.31 b 106.98 ± 2.67 c 706.04 ± 54.82 a

Potassium (mg) 2726.64 ± 82.13 a 1432.62 ± 87.39 c 1745.96 ± 172.99 b

Magnesium (mg) 244.32 ± 13.33 a 146.54 ± 7.65 b 127.82 ± 5.53 b

Iron (mg) 7.11 ± 0.07 a 5.96 ± 0.35 b 6.72 ± 0.42 a

Zinc (mg) 8.65 ± 0.43 a 1.75 ± 0.03 b 2.01 ± 0.11 b

Vitamins

Vitamin B1 (mg) 2.52 ± 0.13 b 4.17 ± 0.42 a 2.56 ± 0.18 b

Vitamin B2 (mg) 1.45 ± 0.11 a 0.67 ± 0.06 b 0.32 ± 0.02 c

Niacin (mg) 10.78 ± 0.17 a 3.70 ± 0.32 b 2.69 ± 0.19 c

Vitamin C (mg) 58.69 ± 3.56 a 46.08 ± 4.00 b ND

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). ND: not detected. The letters indicate significant
differences (p < 0.05) of the same nutrients in different tea samples using one-way analysis of variance (ANOVA) and Duncan’s multiple
comparison test.

Major minerals found in all tea samples were calcium, sodium, potassium, and mag-
nesium. Fresh tea leaves contained the highest amounts of calcium (587.69 mg), potassium
(2726.64 mg), and magnesium (244.32 mg), while the steaming process significantly reduced
quantities to 511.31 mg of calcium, 1432.62 mg of potassium, and 146.54 mg of magne-
sium. Fermentation further decreased calcium and magnesium contents to 453.65 mg and
127.82 mg, respectively. However, compared to the steaming process, potassium increased
after fermentation (1745.96 mg). Interestingly, the highest sodium content (706.04 mg) was
observed in fermented tea leaves, followed by fresh (227.15 mg) and steamed (106.98 mg)
tea leaves. Iron and zinc were found in trace amounts in all samples. Fresh tea leaves
contained 7.11 mg of iron and 8.65 mg of zinc. Steaming and fermenting processes reduced
the contents of both minerals. Steamed tea leaves contained 0.96 mg of iron and 1.75 mg of
zinc, while fermented tea leaves contained 6.72 mg of iron and 2.01 mg of zinc.

For vitamins, vitamin B1 in steamed tea leaves (4.17 mg) increased significantly
compared to fresh tea leaves (2.52 mg), which possessed similar vitamin B1 content to
fermented tea leaves (2.56 mg). Other vitamins, namely, vitamins B2, B3, and C, were found
to be the highest in fresh tea leaves (1.45, 10.78, and 58.69 mg, respectively). Steaming and
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fermenting processes further reduced the contents of these vitamins, while no vitamin C
was detected in fermented tea leaves.

3.3. Phenolic Profiles and Antioxidant Activities

Five detected flavonoids including cyanidin, myricetin, quercetin, kaempferol, and api-
genin, and three detected phenolic acids including gallic acid, caffeic acid, and p-coumaric
acid were identified in tea samples using high-performance liquid chromatography (HPLC)
and the set of standards indicated in Section 2.3 (Table 3). Among flavonoids, quercetin was
detected at the highest content (184.30–280.47 mg/100 g dry weight (DW)), followed by
kaempferol (116.71–164.47 mg/100 g DW), cyanidin (34.22–54.41 mg/100 g DW), apigenin
(31.90 mg/100 g DW), and myricetin (9.01–28.86 mg/100 g DW). All flavonoids except
apigenin were detected in all tea samples, while apigenin was only detected in fermented
tea leaves. Fresh and steamed tea leaves contained the two most abundant flavonoids
including quercetin and kaempferol at higher contents than detected in fermented tea
leaves. On the other hand, fermented tea leaves contained higher contents of cyanidin
than fresh and steamed tea leaves, while myricetin content was higher in steamed and
fermented tea leaves than detected in fresh tea leaves.

Table 3. Identification of flavonoids and phenolic acids in fresh, steamed, and fermented tea leaves.

Phenolics
(mg/100 g DW)

Tea Leaves

Fresh Steamed Fermented

Flavonoids

Cyanidin 44.54 ± 3.15 b 34.22 ± 0.45 c 54.41 ± 3.65 a

Myricetin 9.01 ± 0.06 b 25.48 ± 2.24 a 28.86 ± 2.51 a

Quercetin 280.47 ± 5.22 a 247.91 ± 18.09 b 184.30 ± 12.25 c

Kaempferol 164.47 ± 4.79 a 156.56 ± 9.12 a 116.71 ± 9.77 b

Apigenin ND ND 31.90 ± 2.68

Phenolic acids

Gallic acid 237.18 ± 17.24 b 395.08 ± 21.08 a 83.13 ± 5.73 c

Caffeic acid 9.20 ± 0.56 a 7.86 ± 0.80 b 3.75 ± 0.32 c

p-Coumaric acid 14.79 ± 0.60 a 8.70 ± 0.12 b ND

TPCs (mg GAE/g DW) 25.74 ± 1.21 c 97.11 ± 2.83 b 102.60 ± 1.40 a

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). DW: dry weight; GAE:
gallic acid equivalent; ND: not detected. The letters indicate significant differences (p < 0.05) of the same phenolics
in different tea samples using one-way analysis of variance (ANOVA) and Duncan’s multiple comparison test.

Among phenolic acids detected in fresh, steamed, and fermented tea leaves, gallic acid
was found at the highest content (83.13–395.08 mg/100 g DW), followed by caffeic acid
(3.75–9.20 mg/100 g DW) and p-coumaric acid (8.70–14.79 mg/100 g DW). Interestingly,
gallic acid and caffeic acid were detected in all tea samples, while p-coumaric acid was only
detected in fresh and steamed tea leaves. Fresh and steamed tea leaves contained higher
amounts of all detected phenolic acids than fermented tea leaves.

The HPLC analysis indicated that the identified phenolics were found at higher
quantities in fresh and steamed tea leaves; however, spectrophotometric analysis of total
phenolic content (TPC) suggested otherwise (Table 3). Fermented tea leaves exhibited a
TPC of 102.60 mg gallic acid equivalent (GAE)/g DW, significantly higher than steamed
(97.11 mg GAE/g DW) and fresh tea leaves (25.74 mg GAE/g DW).

The TPCs concurred with the antioxidant activities determined by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging, ferric ion reducing antioxidant power (FRAP),
and oxygen radical absorbance capacity (ORAC) assays (Table 4). The DPPH radical
scavenging activity of fermented tea leaves (690.26 μmol Trolox equivalent (TE)/100 g DW)
was significantly higher than steamed (649.91 μmol TE/100 g DW) and fresh (410.91 μmol
TE/100 g DW) tea leaves. Likewise, the same trend was observed with FRAP and ORAC
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activities, in which fermented tea leaves exhibited significantly higher antioxidant activities
(311.45 and 1539.22 μmol TE/g DW, respectively) than steamed (235.42 and 1508.49 μmol
TE/g DW, respectively) and fresh (30.45 and 499.11 μmol TE/g DW, respectively) tea leaves.

Table 4. Total phenolic content (TPC) and antioxidant activities detected by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging, ferric ion reducing antioxidant power (FRAP), and
oxygen radical absorbance capacity (ORAC) assays of fresh, steamed, and fermented teas.

Tea Leaves

Antioxidant Activities

DPPH Radical
Scavenging Assay

(μmol TE/100 g DW)

FRAP Assay
(μmol TE/g DW)

ORAC Assay
(μmol TE/g DW)

Fresh 410.91 ± 9.62 c 30.45 ± 2.62 c 499.11 ± 9.91 c

Steamed 649.91 ± 7.07 b 235.42 ± 5.60 b 1508.49 ± 85.52 b

Fermented 690.26 ± 10.66 a 311.45 ± 9.38 a 1539.22 ± 83.55 a

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). DW: Dry weight;
TE: Trolox equivalent. The letters indicate significant differences (p < 0.05) of different tea samples in the same
antioxidant assay using one-way analysis of variance (ANOVA) and Duncan’s multiple comparison test.

3.4. In Vitro Enzyme Inhibitory Activities

Enzyme inhibitory assays were performed using lipase as the key enzyme to control
obesity, α-amylase and α-glucosidase to test for diabetes, angiotensin-converting enzyme
(ACE) to control hypertension, and acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), and β-secretase (BACE-1) to control Alzheimer’s disease (AD). Results for in vitro
enzyme inhibitory activities were compared among fresh, steamed, and fermented tea
leaves, as shown in Table 5.

Table 5. In vitro enzyme inhibitory activities against lipase, α-amylase, α-glucosidase, angiotensin-converting enzyme
(ACE), acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and β-secretase (BACE-1) in fresh, steamed, and fer-
mented tea leaves.

Tea
Leaves

% Inhibition

1 Lipase 2 α-Amylase 2 α-Glucosidase 3 ACE 1 AChE 1 BChE 4 BACE-1

Fresh 12.27 ± 0.92 c 20.65 ± 1.95 a 72.72 ± 1.17 b 77.43 ± 2.61 c 59.13 ± 1.03 c 17.80 ± 1.22 c 90.70 ± 0.49 a

Steamed 50.37 ± 3.12 a 21.02 ± 1.16 a 84.41 ± 3.31 a 90.91 ± 0.68 b 61.75 ± 2.34 b 37.12 ± 2.12 b 80.47 ± 0.99 b

Fermented 39.06 ± 0.21 b 15.60 ± 1.30 b 62.04 ± 2.73 c 92.54 ± 2.70 a 90.19 ± 2.84 a 66.58 ± 6.52 a 67.89 ± 4.26 c

All data are shown as the mean ± standard deviation (SD) of triplicate experiments (n = 3). The letters indicate significant differences
(p < 0.05) of different samples in the same enzyme assay using one-way analysis of variance (ANOVA) and Duncan’s multiple com-
parison test. 1 Final concentration = 1.00 mg/mL; 2 final concentration = 1.25 mg/mL; 3 final concentration = 1.11 mg/mL; 4 final
concentration = 8.00 mg/mL.

Results suggested that steamed tea leaves exhibited significantly higher lipase inhi-
bition (50.37%) than fermented (39.06%) and fresh (12.27%) tea leaves, using the extract
concentration of 1 mg/mL. Fresh and steamed tea leaves exhibited higher anti-α-amylase
activities (20.65–21.02% inhibition) than fermented tea leaves (15.60% inhibition) using
the same extract concentration (1.25 mg/mL). However, steamed tea leaves exhibited the
highest inhibition against α-glucosidase activity (84.41%), followed by fresh (72.72%) and
fermented (62.04%) tea leaves, using the same extract concentration (1.25 mg/mL). On
the other hand, fermented tea leaves exhibited higher ACE inhibitory activity (92.54%)
than steamed (90.91%) and fresh (77.43%) tea leaves, using the extract concentration of
1.11 mg/mL. Similar results were observed with AChE and BChE inhibitory activities.
Fermented tea leaves exhibited higher inhibitory activities (90.19% AChE inhibition and
66.58% BChE inhibition) than steamed (61.75% AChE inhibition and 37.12% BChE inhibi-
tion) and fresh (59.13% AChE inhibition and 17.80% BChE inhibition) tea leaves, using the
extract concentration of 1 mg/mL. However, opposite results were observed with BACE-1,
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another key enzyme in controlling AD. Results of BACE-1 inhibition suggested that fresh
tea leaves exhibited higher BACE-1 inhibitory activity (90.70%) than steamed (80.47%) and
fermented (67.89%) teas, using the same extract concentration of 8 mg/mL.

4. Discussion

Cha-miang (Camellia sinensis var. assamica) is a traditional fermented tea that is locally
consumed in Northern Thailand. Two major procedures are required for preparation
of fermented tea, i.e., steaming and fermenting processes. Fermented tea leaves were
previously reported to possess different amounts of phenolic compounds compared to
fresh and steamed tea leaves [32], with nutritional biotransformation detected during
the steaming and fermenting processes [6], leading to variations in health properties.
However, limited information exists on the comparison of nutritive values, phenolic
profiles, antioxidant activities, and health properties among fresh, steamed, and fermented
tea leaves. Our results showed that (i) fermentation caused nutritional changes in tea
leaves that were compatible with other nutrient-rich plants, (ii) fermentation possibly
caused structural changes and varied the quantities of bioactive compounds, leading to
increased antioxidant activities, and (iii) these changes also caused variations in in vitro
health properties through inhibitions of key enzymes that control obesity (lipase), diabetes
(α-amylase and α-glucosidase), hypertension (angiotensin-converting enzyme (ACE)), and
Alzheimer’s disease (AD) (acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and
β-secretase (BACE-1)) compared to fresh and steamed tea leaves. This information will
be useful to promote this cultural food as an alternative source of nutrients, phenols, and
antioxidants with health benefits.

Nutritional biotransformation was observed during the steaming and fermenting
processes. Steaming caused an increase in energy, carbohydrate, and vitamin B1, while
fermentation elevated fat, sodium, and potassium contents, compared to fresh tea leaves.
Similar results were previously observed, and comparisons of nutritional components in
fresh and fermented tea leaves suggested an increase in fat and sugar after the fermentation
process [6]. An increase in fat might be due to the lipase activity of microorganisms to break
down fat compounds (such as fatty acids and glycerols) [33], thus increasing the availability
of fat content in the fermented product. Furthermore, these microorganisms could digest
fibers to sugars, causing the decrease in fiber content and alternatively affecting the total
carbohydrate content [34,35]. The decrease in protein content might also be the result of
amino-acid usage in these microorganisms [34,35]. Compared to fresh tea leaves, the de-
crease in most mineral contents detected in steamed and fermented tea leaves might be the
result of heat treatment at 100 ◦C and possibly the usage of these macrominerals in enzyme
activities and energy production of microorganisms [36]. However, the increase in Na
and K after fermentation might be due to the digestion of covalent bonds in mineral–food
matrix complexes, leading to increased bioavailability [35]. Similarly, the decrease in most
vitamin contents might be due to the application of 100 ◦C during the steaming process
and the usage of microorganisms [36]. Nutritional values per 100 g fresh weight (FW) of
fermented tea leaves with 84.32% moisture content consisted of 10.63 g of carbohydrate,
3.53 g of protein, 0.50 g of fat, 1.02 g of ash, and 7.84 g of total dietary fiber (2.16 and
5.68 g of soluble and insoluble fibers, respectively). The protein content of fermented
tea leaves was comparable to leaves of star gooseberry (Phyllanthus acidus), Lasia spinosa,
Cuminum cyminum, Tamarindus indica, Polygonum odoratum, Diplazium esculentum, Anethum
graveolens, and Coccinia grandis at 3.3–3.7 g/100 g FW [33]. The carbohydrate content of
fermented tea leaves was comparable to leaves of Ipomoea batatas, Senna siamea, Erythrina
subumbrans, and Tamarindus indica at 9.1–10.4 g/100 g FW [37], while the fat content of fer-
mented tea leaves was comparable to leaves of Lasia spinosa, Polygonum odoratum, Anethum
graveolens, Acacia pennata subsp. Insuavis, and Spinacia oleracea at 0.4–0.6 g/100 g FW [37].
The total dietary fiber content of fermented tea leaves was comparable to leaves of Cuminum
cyminum, Sesbania grandiflora, Piper sarmentosum, Marsilea crenata, and Leucaena leucocephala
at 5.9–7.9 g/100 g FW [37]. Moreover, these nutrients could affect the bioactivities of tea
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samples. For example, vitamin C could act as antioxidant; thus, antioxidant activities
observed in tea samples might be a result of this vitamin (other than the biological function
of phenolics). Fiber, especially soluble fiber, could also retard the absorption of sugar; thus,
it helps supporting the antidiabetic property.

Interestingly, compared to fresh tea leaves, most nutrients declined after fermenta-
tion such as protein, total dietary fiber, calcium, potassium, magnesium, zinc, vitamin
B2, niacin, and vitamin C. Compared to steamed tea leaves, most vitamins were also
decreased after fermentation. These results were in contrast with some bioactive com-
pounds, in which previous reports indicated that some bioactive compounds increased
(i.e., (−)-epicatechin content was increased after 20 days of fermentation), while others
decreased (i.e., (+)-catechin and (−)-epicatechin-3-gallate) significantly [32]. Furthermore,
even though catechins are the main phenolic compounds in tea, previous studies reported
that catechins were drastically reduced during tea fermentation [32,38]. Therefore, we
focused on other phenolics and used many standards to identify changes during steaming
and fermenting processes in an attempt to explain the bioactivities of tea leaves. Fermenta-
tion was previously reported to cause a structural change in bioactive compounds [39,40].
A previous study suggested that fermentation reduced the phenolic content as these com-
pounds broke down or polymerized into new strands of polymers [39]. Dihydrochalcone,
as one of the major flavonoids detected in tea, also noticeably decreased during fermenta-
tion due to partial oxidization [40]. Likewise, the absence of p-coumaric acid in fermented
tea leaves in our experiment indicated biodegradation during fermentation, while detection
of apigenin that was only found in fermented tea leaves also possibly resulted from struc-
tural changes of bioactive compounds during fermentation. Interestingly, an increase in
phenolic acid content was observed after the steaming process. Our results concurred with
a previous study, suggesting that citrus fruit (Citrus sinensis (L.) Osbeck) peels exhibited
higher total phenolic contents (TPCs) after heat treatment at 100 ◦C [41]. A previous study
also suggested that the high temperature weakened plant cell walls, thus releasing more
phenolics into the solvent [42]. Phenolics are normally present in bound form with the
food matrix [43]; thus, the high temperature was able to break down interactions between
the phenolics and food matrix, leading to higher phenolic content detected in steamed tea
leaves than in the fresh form. Phenolic content is often related to antioxidant activity [44].
This finding concurred with our results showing that both TPCs and antioxidant activities
increased significantly after fermentation. A previous study also supported our findings
that fermented tea exhibited higher antioxidant activity than fresh-brewed green tea [45].

To control obesity through limitation of fat absorption, the lipase inhibitory activities of
tea samples were investigated. Our results suggested that steamed and fermented tea leaves
exhibited higher lipase inhibitory activities than fresh tea leaves, correlating with a previous
report indicating that fermented green tea showed in vitro inhibitory activity against lipase
enzyme, with a half maximal inhibitory concentration (IC50) of 0.48 mg/mL and in vivo
ameliorated property against postprandial plasma lipid in rats fed with fermented green
tea (500 mg/kg body weight) for 2 weeks [46]. Black tea and its fermented form, kombucha
(5 mL/kg body weight), were reported to reduce lipase enzyme activity in alloxan-induced
diabetic rats within 30 days [47]. Interestingly, the lipase inhibitory action of these tea leaves
might result from the biological functions of their bioactive compounds. A previous study
revealed that quercetin, as the most abundant flavonoid detected in our tea leaves, exhibited
strong inhibitory potential against lipase enzymes with an IC50 value of 6.1 μM [48], while
the most abundant phenolic acid as gallic acid exhibited stronger lipase inhibitory activity
with an IC50 value of 0.47 nM [49]. In addition to phenolics, short-chained peptides and
free amino acids also act as lipase inhibitors [48]. Heptapeptides and amide tripeptides
also effectively inhibited the pancreatic lipase reaction [50,51], while free amino acids
including L-proline, L-alanine, and aspartic acid inhibited pancreatic lipase in a dose-
dependent manner with IC50 values of 0.01, 0.14, and 0.02 μM, respectively [49]. Although
fermented tea leaves possessed higher TPCs than steamed and fresh tea leaves, and the
lipase inhibitory activity of steamed tea leaves was higher than that of fermented and fresh
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tea leaves, it is possible that the lipase inhibition observed in these tea leaves might result
from the biological function of both phenolics and peptides/free amino acids degraded
from protein during steaming and fermenting processes.

The control of diabetes was investigated through inhibition of the carbohydrate
hydrolyzing enzymes, α-amylase and α-glucosidase. Bioactive compounds detected in tea
leaves effectively inhibited these enzymes. Myricetin exhibited an IC50 value of 5 μM [41],
while kaempferol, cyanidin, and quercetin exhibited IC50 values ≥500 μM against α-
amylase [40]. Interestingly, these flavonoids effectively inhibited α-glucosidase, with the
IC50 values ranging from 4 to 12 μM [42]. Gallic acid, caffeic acid, and p-coumaric acid
exhibited the IC50 values of 737, 828, and >3000 μM, respectively, against α-glucosidase
activities [52]. The effectiveness of these bioactive compounds led to higher α-amylase
and α-glucosidase inhibitions being observed in fresh and steamed tea leaves with higher
flavonoid and phenolic acid contents than fermented tea leaves.

The renin–angiotensin–aldosterone system (RAAS) hormonal cascade is one of the
most significant pathways to preserve hemodynamic stability, with ACE as the key enzyme
in this mechanism to control hypertension. Quercetin, kaempferol, and apigenin acted as
ACE inhibitors with IC50 values of 43, 178, and 196 mM, respectively [53], while myricetin
inhibited ACE at a similar rate to quercetin [54]. However, the IC50 value of caffeic acid was
430 μM [55], while gallic acid and p-coumaric acid exhibited 34.3% and 16.8% inhibitions,
respectively, using a concentration of 4 mg/mL [56]. On the basis of this information,
these phenolics were considered as weak to moderate ACE inhibitors. Interestingly, the
ACE inhibitory activities of tea samples possibly resulted from other types of ACE in-
hibitors. ACE inhibitors have been identified in natural sources such as peptides from
plants (corn, sesame, green beans, rice, and tea), animals (milk, eggs, and fish), and microor-
ganisms [57,58], while ACE inhibitory peptides with particular amino-acid sequences were
enzymatically released from protein precursors during food processing [59]. Fermented tea
leaves contained lower phenolic contents than fresh and steamed tea leaves but exhibited
higher ACE inhibitory activities. Thus, the high ACE inhibition observed in fermented tea
leaves might result from the biological function of peptides degraded from protein during
tea fermentation rather than phenolics.

Two main hypotheses of AD are proposed as the cholinergic and β-amyloid hypothe-
ses. The former occurs from excessive cholinesterase enzymes (AChE and BChE), leading
to neurotransmitter loss, while the latter leads to the formation of β-amyloid plaque by
BACE-1, leading to β-amyloid aggregation [60]. A previous study suggested that quercetin
was a strong AChE inhibitor with an IC50 value of 25.9 μM [61] but a weaker BChE inhibitor
with an IC50 value of 177.8 μM [61]. Kaempferol and myricetin inhibited AChE with IC50
values of 92.8 and 37.8 μM, respectively [62], and inhibited BChE with IC50 values of 71.0
and 43.1 μM, respectively [62]. Caffeic acid inhibited AChE with an IC50 value of 23 μM and
BChE with an IC50 value of 31 μM [63]. According to this information, fresh and steamed
tea leaves should exhibit higher AChE and BChE inhibition than fermented tea leaves
since they possessed higher flavonoid and phenolic acid contents. However, the results
showed an opposing trend, whereby fermented tea leaves exhibited higher AChE and
BChE inhibitions than fresh and steamed tea leaves. Currently, different types of peptides
have been designed to act as potential AChE and BChE inhibitors, as a new approach to
overcome AD occurrence [64–66]. Interestingly, some of these peptides are derived from
the AD synthetic drug, galantamine [65], as well as from protein hydrolysates from natural
sources such as hemp seed [66]. Other than peptides, a complex of polysaccharide–peptide
conjugates was also reported to act as an AChE and BChE inhibitor [67]. Thus, high AChE
and BChE inhibition in fermented tea leaves might be the result of peptides degraded from
protein during tea fermentation. Results of BACE-1 inhibition also suggested that fresh tea
leaves exhibited higher BACE-1 inhibitory activity than steamed and fermented tea leaves.
Previous research suggested that food rich in flavonoids such as green tea, blueberry, and
cocoa inhibited BACE-1 or disrupted amyloid β-aggregation [68]. A previous study sug-
gested that quercetin, kaempferol, myricetin, and apigenin inhibited BACE-1 activities with
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IC50 values of 5.4, 14.7, 2.8, and 38.5 μM, respectively [69]. Thus, quercetin and myricetin
were considered as strong BACE-1 inhibitors. Moreover, p-coumaric acid inhibited BACE-1
in a noncompetitive manner with an IC50 value of 0.9 μM [70]. No report on the BACE-1
inhibitory activity of caffeic acid is currently available; however, caffeic acid was proven
capable of improving spatial cognition and memory unit in Aβ25–35-injected AD mice [71].
Gallic acid also reduced Aβ1–42 aggregation and neurotoxicity in an APP/PS1 transgenic
mouse model [72]. According to this information, higher BACE-1 inhibitory activities
observed in fresh and steamed tea leaves than in fermented tea leaves resulted from the
greater flavonoid and phenolic acid contents in nonfermented tea leaves.

The information received from this study would be useful for the promotion of
Cha-miang consumption as a historical and unique product of northern Thailand with
many health benefits. This information also suggests that Cha-miang could be used as a
source of nutrients and bioactive compounds to develop other functional foods and drinks.
Moreover, the knowledge gained from this research would support local tea fermentation
as an alternative method of cultural food preservation, resulting in a fermented product
with unique favor and taste, and leading to the sustainable conservation of local lifestyle.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-8
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325, and 524 nm.
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Abstract: The thermal degradation of the anthocyanins and antioxidant activity in purple maize
extracts was determined between 80 and 180 ◦C. The anthocyanins were found to be thermostable in
the temperature range of 80 to 120 ◦C, whereas at higher temperatures the thermal degradation of
both anthocyanins and antioxidant activity followed a first-order kinetic model. The z-values started
from 61.72 ± 2.28 ◦C for anthocyanins and 75.75 ± 2.87 ◦C for antioxidant activity. The conformational
space of pairs of model anthocyanin molecules at 25 and 180 ◦C was explored through a molecular
dynamics test, and results indicated the occurrence of intermolecular self-association reactions and
intramolecular co-pigmentation events, which might help explaining the findings of the degradation
kinetics. The relationship between thermal degradation of anthocyanins and antioxidant activity
and the in vitro release was further studied. The unheated extracts showed a high stability under
gastric environment, whereas after heating at 180 ◦C, the digestion ended quickly after 60 min.
After simulated intestinal digestion, the anthocyanins were slowly decreased to a maximum of 12%
for the unheated extracts, whereas an 83% decrease was found after preliminary heating at 180 ◦C.
The thermal degradation of anthocyanins was positively correlated with the in vitro decrease of
antioxidant activity.

Keywords: purple maize; anthocyanins; antioxidant activity; thermal treatment; in vitro release;
molecular modeling

1. Introduction

It has been suggested that food color is the one of the most important visual indicators of taste
and flavor, as both are considered vital sensory properties of food [1]. In recent years, considerable
effort has been made to identify alternatives for synthetic dyes in food and beverages with natural
colorants due to the public concern regarding their potential adverse effects including potential adverse
behavioral and neurological effects and hyperactivity in children [2]. Although these studies have not
established a concrete link between the intake of synthetic dyes and detrimental health effects, still a
general move toward “more natural ingredients” is forcing the food processing industry to explore
natural replacements for synthetic dyes [3].

Anthocyanins (ANCs) are well known and currently intensely studied as sourced from
dark-colored fruits and vegetables such as black grapes, blueberries, and purple carrots [4], in addition
to their health promoting functions, such as: antioxidant and anti-cancer [5], and anti-obesity and
anti-inflammation effects [6]. However, ANCs can be involved in chemical and enzymatic reactions
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that may degrade them to colorless products or transform them into new structures [7]. Besides this,
their health promoting effects are also hindered by their low stability under the physicochemical
conditions they are exposed to after oral consumption by humans, affecting their bioaccessibility and
further bioavailability [8]. Thus, when considering the use of ANCs as food pigments and health
promoting ingredients, their thermal treatment, enzymes, co-pigmentation, and the pH instability
should be considered. These types of processing and factors might induce changes that are likely to
significantly change ANCs’ concentration and bioactivity, which further affects consumer acceptance
of a product.

Thermal treatment is one of the most commonly used methods to preserve and extend the shelf life
of foods in order to ensure food safety [9], involving heating in the temperatures range between 50 and
180 ◦C, depending on the characteristics of the product and the desired shelf life. Thus, it is expected
that processing at different temperature–time combinations specific to unit operations affects the color,
anthocyanin content, and the antioxidant capacity of the ANCs present in a food [10]. Additionally,
associated with each thermal process, degradation of heat-sensitive vitamins, proteins, anthocyanins,
conversion to colorless derivatives and subsequently to insoluble brown pigments, and changes in
structure and other quality factors that are undesirable, should be considered. In general, the thermal
processing must be drastic/strong enough to destroy the microorganisms and degrading enzymes,
but at the same time, it should be mild enough to avoid chemical changes that might impair the food’s
flavor and nutritional value [11]. Therefore, accurate knowledge of the kinetic parameters is essential
to predict the quality changes that occur during thermal processing.

Colored corn is one of the richest sources of ANCs, with concentrations ranging from 51 mg
cyanidin-3-O-glucoside equivalent (C3G)/kg in red corn to 1300 mg C3G/kg fresh weight (fw) in purple
corn [12]. Li et al. [13] suggested that large-scale economical cultivation of corn and its long shelf life
makes it a very attractive source for efficient ANC extraction. Colored corn contains a number of
different anthocyanin species including cyanidin-, pelargonidin-, and peonidin-based monoglucosides,
malonyl and dimalonyl glucosides, and flavonol anthocyanin condensed forms.

Therefore, the aim of this study was to advance the knowledge on anthocyanins from the purple
maize extract obtained by combining solvent- and ultrasound-assisted extraction, based on the total
monomeric and individual anthocyanin profiles. Further, since accurate knowledge of the kinetic
parameters is essential to predict the quality changes that occur during thermal processing of different
foods, our study reports the degradation kinetic parameters of ANCs and related antioxidant activity
during heating at various temperatures ranging from 80 and 180 ◦C for different heating times
(0–40 min). Furthermore, studies involved establishing a link between ANCs’ thermal degradation at
different selected time–temperature combinations with the effect of in vitro digestion on ANCs and
antioxidant activity.

2. Materials and Methods

2.1. Chemicals

Gallic acid, catechin, Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), Folin–Ciocalteu’s
reagent, pepsin from porcine gastric mucosa (≥400 units/mg protein), and pancreatin from porcine
pancreas (1400 FIP-U/g protease, 24,000 FIP-U/g lipase, 30,000 FIP-U/g amylase) were purchased from
Sigma Aldrich Steinheim (Darmstadt, Germany). The standards used for the HPLC analysis, namely
cyanidin-3-glucoside, pelargonidin-3-glucoside, and peonidin-3-glucoside, were acquired from Sigma
Aldrich Steinheim (Darmstadt, Germany). All other chemicals and reagents used in the experiments
were of analytical grade.

2.2. Plant Material

The purple maize flour (Zea mays L.) was generously supplied by a local producer (Brăila County,
Romania), in September 2019. The flour with a water content <12% was sealed in a brown bottle
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and kept at 4 ◦C until analysis. The flour was sifted through a 100 mesh sieve and used for further
anthocyanin extraction.

2.3. ANC Extraction

An amount of 10 g of sieved flour was extracted with 90 mL of 70% ethanol and 10 mL of HCL 1N.
The extraction was performed using a sonication water (MRC Scientific Instruments, Holon, Israel) bath
for at 40 ◦C for 30 min, followed by centrifugation at 5000× g for 10 min at 4 ◦C. The supernatant was
collected, and the extraction was repeated three times. After extraction, the collected supernatants were
pooled together and concentrated under reduced pressure at 40 ◦C, using a vacuum rotary evaporator
(AVC 2-18, Christ, UK). The obtained extract was dissolved in ultrapure water, characterized, and used
for kinetic experiments.

2.4. Total Monomeric ANC Content

The total monomeric anthocyanin content (TAC) was determined according the pH-differential
method, as explained by Giusti and Worsltad [14]. An aliquot of the extract was dissolved in 1 mL of
distillated water. Aliquots of 0.2 mL were added to 0.8 mL of buffers with of pH 1.0 and 4.5, respectively.
Absorbance was measured by a spectrophotometer (Biochrom Libra S22 UV/Vis, Cambridge, UK) at 520
and 700 nm, respectively. Absorbance was calculated as Abs = (A520 − A700)pH 1.0 − (A520 − A700)pH 4.5

with a molar extinction coefficient for cyanidin-3-glucoside of 26,900 L·mol−1·cm−1. TAC was calculated
using the following equation and expressed as milligrams of cyanidin-3-O-glucoside equivalents per g
dry weight (mg C3G/g DW) (Equation (1)).

TAC
(
mg

C3G
gDW

)
=

Abs
eL

Mw ×D× V
M

(1)

where Abs is absorbance, e is cyanidin-3-O-glucoside molar absorbance (26,900 L·mol−1·cm−1), L is the
cell path length (1 cm), MW is the molecular weight of anthocyanin (449.2 Da), D is the dilution factor,
V is the final volume (mL), and M is the dry weight (mg) [15].

2.5. Chromatographic Analysis of ANCs

To obtain the chromatographic profile of the anthocyanins from purple maize flour extract,
an HPLC analysis was conducted using a Thermo Finnigan HPLC system (Thermo Scientific, Waltham,
MA, USA). In order to separate and identify the compounds, a Synergi 4u Fusion-RP 80A (150 × 4.6 mm,
4 μm) column was used, monitored at 520 nm wavelength, at an oven temperature of 27 ◦C. Firstly,
the samples were filtered through a C18 Sep-Pak cartridge (Waters), in order to remove the unwanted
compounds, and secondly through a 0.22 μm syringe filter (Bio Basic Canada Inc., Markham, ON,
Canada). The two solvents that were used for the elution step were 10% formic acid (A) and 100%
methanol (B). The volume of the injection was 10 μL, at a flow rate of 1.0 mL/min. The anthocyanins
from the purple maize flour extract were identified based on the retention time of the standard
compounds and the data reported in the literature.

2.6. DPPH Radical Scavenging Analysis

A volume of 0.1 mmol solution of methanolic DPPH solution was prepared. The initial absorbance
of the DPPH in ethanol was measured at 515 nm and did not change throughout the period of assay.
Aliquots (0.1 mL) of each sample were added to 2.9 mL of DPPH solution. Discolorations were
measured at 515 nm after incubation for 60 min at 25 ◦C in the dark. Working solutions of Trolox
(range from 0 to 10 mmol) were used for calibration. The antioxidant capacity was calculated from the
linear calibration curve expressed as mmol Trolox/g DW [15].
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2.7. Thermal Treatment

Aliquots of 2.0 mL purple maize flour anthocyanins extract were put into screw-cap test tubes
already equilibrated in a digital block heater (Stuart) at temperatures ranging from 80 to 180 ◦C,
with an increase of 10 ◦C. At regular time intervals (2, 5, 7, 10, 20, 30, and 40 min), samples were
removed from the bath and rapidly cooled by plunging into an ice water bath. The analysis was
conducted immediately.

2.8. Kinetic Parameters

Data for the change in ANC content and antioxidant activity over time were fitted to a first-order
degradation kinetics model. The kinetic rate constant (k) of thermal degradation, decimal reduction
time (D), z-values, and activation energy (Ea) were defined as described by Peron et al. [16].

2.9. Static In Vitro Digestion

The simulated in vitro digestion model was prepared using a modified method described by
Lee et al. [17], involving gastric and intestinal fractions. The purple maize flour anthocyanin extracts
(equivalent to 10 mg C3G/g DW) were dissolved in simulated gastric juice (containing 100 mL HCl
and 100 mg pepsin, pH 2.0) and digested sequentially at 37 ◦C using a water bath for 2 h. Aliquots
of 2 mL were collected, centrifuged, filtered through a 0.22 μm filter, and analyzed for TAC and
antioxidant activity at every 30 min. After 2 h, 5 mL of the digested sample was mixed with 10 mL of
simulated intestinal juice (100 mL NaHCO3 and 200 mg pancreatin, pH 7.0) and digested for another
2 h. The samples were prepared in triplicate (n = 3).

2.10. Single-Molecule-Level Investigations on Anthocyanin Behavior at Thermal Treatment

Molecular modeling techniques were further employed to simulate the heat-induced behavior of
main anthocyanins from purple maize, as indicated by the HPLC analysis. The Hyperchem 8.0 software
(Hypercube Inc., Gainesville, FL, USA) was used to prepare and optimize the molecular models of
cyanidin-3-O-glucoside and its acylated form cyanidin-3-O-(6”-malonylglucoside). The geometry
optimization of these molecules was performed using in sequence the steepest descent and conjugate
gradient algorithms. The optimized molecules, obtained when getting potential energy gradients
lower than 0.001 kcal/Å·mol, were further used as models for investigating the thermal-dependent
self-association and intramolecular copigmentation reactions. In order to study the effect of the thermal
treatment on the anthocyanins’ behavior, six different starting models, consisting of anthocyanins of the
same type, were prepared so as to favor all types of self-associations, in agreement with poses proposed
by Castaneda-Ovando et al. [18]. The starting models were obtained by merging two anthocyanin
molecules of the same type, so as to get the following three complexes: complex 1—having the oxygen
of benzopyrylium of one anthocyanin molecule interfaced with the phenyl aromatic ring of the second
anthocyanin molecule; complex 2—obtained by placing the oxygen atoms of the phenyl aromatic ring
of one anthocyanin molecule nearby one of the hydroxyls of benzopyrylium of the second anthocyanin
molecule; complex 3—obtained by interfacing the hydroxyls of benzopyrylium of one anthocyanin
molecule with the sugar moiety of the second anthocyanin molecule [19]. The orientation and the
distance of about 1.5 Å between functional groups of the two molecules of each complex were chosen
so as to allow possible hydrogen bonding. Molecular dynamics steps were further employed to heat
and equilibrate each of the six starting models at 25 and 180 ◦C for 100 ps. The equilibrated models
were characterized in terms of atomic-level details important for predicting eventual heat-dependent
self-association or co-pigmentation events.

2.11. Statistical Analysis

All analyses were conducted in at least three independent replicates, and the results are reported
as mean ± standard deviation. Statistical comparisons were made by one-way analysis of variance
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(ANOVA). Differences were considered to be significant when the p values were <0.05. The parameters
of kinetic models and Arrhenius equation were estimated by linear regression. Mathematical models
were selected by comparing correlations coefficients.

3. Results

3.1. Characterization of the Extract

It is well known that the concentration of ANCs may vary among foods produced by a given plant
species due to different external and internal factors, such as genetic and agronomic factors, intensity and
type of light, temperature, processing, and storage, as explained by de Pascual-Teresa et al. [20]. In our
study, the purple maize flour extract showed a total monomeric anthocyanin content (TAC) content of
520.42 ± 23.88 mg C3G/g DW. Our results are similar with those reported by Li et al. [13], who obtained
a TAC from purple corn extract of 4933.1 ± 43.4 mg C3G/kg dry corn, whereas Saikaew et al. [21]
showed a TAC of the untreated purple kernels of 101.76 ± 1.16 mg CGE/100 g DW, respectively.

The ANC composition of purple maize flour was determined by HPLC at 520 nm.
The HPLC-DAD profile of the purple maize flour extract displayed the presence of six main
compounds such as cyanidin-3-O-glucoside, pelargonidin-3-O-glucoside, peonidin-3-O-glucoside,
cyanidin-3-O-(6′′-malonylglucoside), pelargonidin-3-O-(6′′-malonylglucoside), and peonidin-3-O-
(6”-malonylglucoside) (Figure 1). The two major compounds were cyanidin-3-O-glucoside and
its acylated form cyanidin-3-O-(6”-malonylglucoside), with a concentration that represented
47% of the total anthocyanin content for cyanidin-3-O-glucoside, while the concentration of
cyanidin-3-O-(6”-malonylglucoside) accounted for 18% of the total anthocyanins content. Nonetheless,
the major anthocyanin, cyanidin-3-O-glucoside, registered a concentration of 9.85 mg/g DW.
The compound that registered the lowest content was the acylated form of pelargonidin-3-O-glucoside.
Li et al. [13] suggested also that cyanidin-3-O-glucoside concentration was the highest in whole corn
(1135.4 ± 12.9 mg/kg corn). Among the acylated ANCs, these authors suggested that the concentration
of cyanidin-3-O-(6”-malonylglucoside) was higher than that of pelargonidin-3-O-(6”-malonylglucoside)
and peonidin-3-O-(6”-malonylglucoside).

 

Figure 1. Chromatographic profile of the purple maize flour extract: Peak 1—cyanidin-3-O-
glucoside; Peak 2—pelargonidin-3-O-glucoside; Peak 3—peonidin-3-O-glucoside; Peak 4—cyanidin-
3-O-(6′′-malonylglucoside); Peak 5—pelargonidin-3-O-(6′′-malonylglucoside), and Peak 6—peonidin-
3-O-(6′′-malonylglucoside).

Moreover, cyanidin-based ANCs were present in greater abundance than pelargonidin- and
peonidin-based anthocyanins in purple maize. Yang and Zhai [15] identified three kinds of anthocyanins
extracted from the seed and cob of purple corn, accounting for 75.7%, 8.3%, and 16.0%, respectively,
of the total amount of all the anthocyanins, and their retention times were 13.5, 15.7, and 16.6 min,
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respectively. The three major anthocyanins were cyaniding-3-O-glucoside, pelargonidin-3-O-glucoside,
and peonidin-3-O-glucoside.

3.2. Degradation Kinetics of Anthocyanins from Purple Maize Flour Extract

No significant heat-induced changes were found in total anthocyanins in the temperature range of
80 to 110 ◦C (data not shown). The degradation of ANCs between 120 and 180 ◦C followed a first-order
model, as shown in Figure 2a. Our results are in good agreement with studies that reported the use of
the first-order kinetic model for the thermal degradation of anthocyanins [22,23].

  
(a) (b) 

Figure 2. First-order kinetic model for the thermal degradation of total monomeric anthocyanin content
(a) and antioxidant activity (b) in the purple maize flour extract. Temperature: � 80 ◦C, � 90 ◦C,
� 100 ◦C, � 110 ◦C, ♦ 120 ◦C, Δ 130 ◦C, • 140 ◦C, � 150 ◦C, ×160 ◦C, +170 ◦C, −180 ◦C.

Hou et al. [22] studied the thermal stability of the four anthocyanins (cyanidin-3-O-glucoside,
peonidin-3-O-glucoside, cyanidin-3,5-O-diglucoside, cyanidin-3-O-rutinoside) in black rice extract at
selected temperatures (80, 90, and 100 ◦C) in the pH range of 1.0–6.0, suggesting a first-order reaction
kinetics with respect to temperature. In the temperature range studied, the kinetic rate constants
(k) (Table 1) for the degradation of ANCs increases with increasing temperature, with the greatest
difference observed at 180 ◦C. Consequently, the half-life of ANCs was shorter at the higher temperature
of 180 ◦C. Furthermore, the k values for the ANCs extracted from purple maize flour showed clear
differences when subjected to thermal degradation at different temperatures (Table 1).

Table 1. Kinetic parameters for the thermal degradation of total monomeric anthocyanins in the purple
maize flour extract.

Temperature (◦C) k × 10−2 (min−1) D Value (min) t1/2 (min)

120 2.28 ± 0.024 * 101.01 ± 2.66 30.40 ± 1.24
130 4.99 ± 0.035 46.08 ± 3.72 13.86 ± 1.98
140 7.39 ± 0.125 31.15 ± 0.61 9.37 ± 0.97
150 14.37 ± 0.17 16.02 ± 0.39 4.82 ± 0.67
160 16.95 ± 0.23 13.58 ± 0.19 4.08 ± 0.45
170 19.29 ± 0.12 11.93 ± 0.25 3.59 ± 0.22
180 22.68 ± 0.20 10.15 ± 0.14 3.05 ± 0.12

Ea 55.75 ± 6.83 kJ/mol (0.93) zT 61.72 ± 2.28 ◦C (0.90)

* Standard deviation. k—kinetic rate constant; D—decimal reduction time, zT—the temperature-increase necessary
to induce a 10-fold reduction in D, decimal reduction time; t1/2—time required for 50% reduction in the original
content at the same temperature, Ea, activation energy.

Bolea et al. [24] studied the thermal degradation of anthocyanins from different milled fractions
of black rice and reported values for k ranging from 17.43 × 10−2 min−1 at 60 ◦C to 22.42 × 10−2 min−1

at 100 ◦C for the first fraction flour.
Sui and Zhou [23] studied the thermal stability of cyanidin-3-O-glucoside in an aqueous

system at temperatures ranging from 100 to 165 ◦C, followed by the investigation of the impact
of thermal treatment on the antioxidant capacity. These authors suggested a significantly lower
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value for the degradation rate constant of cyanidin-3-O-glucoside at 132.5 ◦C of 0.0047 s−1, whereas
Harbourne et al. [25] reported values of 0.0028 s−1 for the total monomeric anthocyanins degradation
at 140 ◦C in blackcurrant juice. The D values showed clear differences regarding the thermal sensitivity
at different temperatures. For example, the decimal reduction time at 120 ◦C showed values of
101.01 ± 2.66 min, whereas an approximately 10 times decrease was observed by increasing the
temperature to 180 ◦C (10.15 ± 0.14 min).

The z-value obtained confirms that the thermal resistance factors for food attributes, such as color
given by related bioactives, is greater than that for spores or vegetative cells (z = 5–12 ◦C). Therefore,
the rates of destruction of color are very much less temperature sensitive [26]. It is well known that the
thermal degradation of ANCs starts with opening of the central ring followed by hydrolysis of the
molecule, establishing colorless products. Hou et al. [22] pointed out that the stability of anthocyanins
may increase via intramolecular copigmentation, especially in grain extracts, characterized by high
anthocyanin content, with mixtures of different compounds, serving as copigments for intramolecular
association with anthocyanins. However, these authors suggested that sugars and their degradation
products tend to accelerate the degradation of anthocyanins. The Maillard reaction rate increases with
the temperature, and the pigment–copigment complexes become less stable; therefore, the hydration
prevails over copigmentation explaining the overall stability of the copigment on anthocyanin stability
during heating [27].

The Ea value calculated for the degradation of anthocyanins in the purple maize flour extract was
55.76 ± 6.83 kJ mol−1. Peron et al. [16] suggested values of 99.77 ± 0.87 kJ mol−1 in the juçara extract
and 93.62 ± 0.44 kJ mol−1 in the “Italia” grape extract, whereas Heldman [28] previously reported that
the activation energy for anthocyanin degradation ranged from 35 to 125 kJ mol−1.

Molecular modeling investigations were further employed to predict the events responsible for
the thermal-dependent behavior of the main anthocyanins from purple maize. In agreement with the
HPLC analysis, the cyanidine-3-O-glucoside and cyanidin-3-O-(6”-malonylglucoside) molecules were
used for the single-molecule-level analysis. Three different starting complexes including two molecules
of cyanidine-3-O-glucoside or cyanidin-3-O-(6”-malonylglucoside) were heated at 25 and 180 ◦C.

The simulations performed on the cyanidine-3-O-glucoside indicated that, when heating the
complexes where the intermolecular interactions between functional groups of the flavyliums are
favored (complex 1 and complex 2), the aglycons got twisted with the phenyl ring out of the plane
defined by the benzopyrylium. Moreover, in the case of complex 2, the sugar moiety bended toward
the aglycon, forming an angle between the two planes of the sugar moiety and of the phenyl from
the flavylium structure of about 90 ◦C. A similar observation was reported by Dumitraşcu et al. [19]
when simulating the behavior of the main anthocyanins from Cornelian cherries at temperatures of
100 and 150 ◦C. A different thermal behavior of the cyanidine-3-O-glucoside molecules was noticed
when the intermolecular contacts between the sugar and the aglycon were favored in the starting
complex. A close look at complex 3 revealed that at 25 ◦C a hydrogen bond (Hb) of 2.73 Å connected
the hydroxyl groups of benzopyrylium and of C6 from the glucose moiety on the same anthocyanin
molecule. Unlike complexes 1 and 2, in which heating at 180 ◦C resulted in the increase of the distance
between the two cyanidine-3-glucoside molecules, in the case of complex 3 a tendency of aligning
the benzopyrylium moieties of the two anthocyanin molecules of the complex was noticed at an
intermolecular distance of ~3.9 Å. In line with these observations, the interaction energy (E) values
increased with the temperature increase, suggesting lower affinity between cyanidine-3-glucoside
molecules from complex 1 (E increased from −15.74 kcal/mol at 25 ◦C to −0.01 kcal/mol at 180 ◦C)
and complex 2 (E increased from −16.89 kcal/mol at 25 ◦C to −0.02 kcal/mol at 180 ◦C). On the
other hand, no significant variation of E was noticed when heating the complex 3 (E of −12.90 and
−12.49 kcal/mol at 25 and 180 ◦C, respectively), suggesting that the intermolecular affinity due to the
hydroxyls of benzopyrylium and of the sugar moiety is preserved even at high temperature.

Detailed analysis of the complexes made up of cyanidin-3-O-(6”-malonylglucoside) indicated
the increase of the interaction energy with the temperature in all studied cases. The two cyanidin-
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3-O-(6”-malonylglucoside) molecules of the complex 1 equilibrated at 25 ◦C, established one Hb of
2.82 Å between the malonyl group on one anthocyanin and the phenyl of the second anthocyanin
molecule. The attractive forces acting between the molecules are strong enough to keep them close
together, even when the kinetic energy increases because of the thermal agitation of the atoms. In fact,
the Hb identified at 25 ◦C is preserved at 180 ◦C (length of Hb of 2.46 Å). In a similar manner, a Hb of
3.15 Å was observed to connect the malonyl group on one anthocyanin by the hydroxyl group from
C7 of the benzopyrylium in complex 2, but the temperature increase resulted in spacing out the two
molecules. An interesting intramolecular copigmentation event was observed at 180 ◦C, consisting in
glucose molecules twisting in respect to the initial model. If at 25 ◦C the malonyl tends to be aligned
with the benzopyrylium, at 180 ◦C, it approaches the aromatic ring, which is carbon–carbon bound to
the benzopyrylium (O9–O71 interatomic distance of 3.49 Å). The results of the molecular modeling
investigations are in agreement with Nayak et al. [29] and Dumitraşcu et al. [19], indicating that the
intramolecular copigmentation and intermolecular self-association might concur with anthocyanin
degradation at high temperature and reduction of their color.

3.3. Degradation Kinetics of Antioxidant Activity from Purple Maize Flour Extract

The DPPH radical scavenging method was used in this study to evaluate the antioxidant activity
of the heat-treated extract. In the un-treated state, the purple maize flour extract showed an antioxidant
activity of 85.72 ± 0.73 mmol/g DW. Peron et al. [16] obtained a half maximal effective concentration
(EC50) value for antioxidant activity of 53.9 μg/mL in juçara extract. After thermal degradation of
the anthocyanin extracts at 120 ◦C for 30 min, there was a reduction in the expected antioxidant
activity by 20%. When heating at higher temperature of 180 ◦C for 7 min, the reduction in antioxidant
activity was of approximatively 30%. Therefore, even with this reduction and considering the intense
applied time–temperature combination, it can be appreciated that the antioxidant potential of the
extracts was maintained in the whole temperature range studied. The loss in antioxidants from
cooked corn can be attributed to synergistic combinations or interactions of several types of chemical
reactions, diffusion of water soluble compounds, and the formation or breakdown of them, as explained
by Harakotr et al. [30].

Sui and Zhou [23] suggested that the thermal treatments had little impact on the overall
antioxidant capacity of the anthocyanin solutions. These authors reported values for DPPH radical
scavenging activity for untreated anthocyanins solutions of 0.202 mg Trolox/mL and a similar value
of 0.212 mg Trolox/mL after heating at 160 ◦C for 30 min. The authors concluded that it is possible
that the loss of antioxidant capacity through the degradation of anthocyanins is compensated by the
phenolic yield.

The thermal degradation of the antioxidant activity of the purple maize flour extract also followed
a first-order kinetic model (Figure 2b). Therefore, the k values varied from 0.16 ± 0.01 × 10−3 min−1 at
80 ◦C and significantly increased to 4.85 ± 0.29 × 10−2 min−1 at 180 ◦C (Table 2). Mercali et al. [31]
also suggested that anthocyanin thermal degradation fitted a first-order reaction model with the rate
constants ranging from 5.9 to 19.7 × 10−3 min−1.

The t1/2 values (Table 2) for antioxidant thermal degradation varied from 429.96 ± 13.45 min
(about 7.2 h) at 80 ◦C to 14.26 ± 1.82 min (about 0.23 h) at 180 ◦C. Significant thermal differences may be
observed in Table 2 when analyzing D values, demonstrating clear differences in thermal sensitivity at
different temperatures. By increasing the temperature by 10 ◦C from 80 to 90 ◦C, the D value was 2 times
lower, while increasing to 120 ◦C caused a reduction of almost 10 times. Wang and Zu [9] studied
the degradation kinetics of anthocyanins in blackberry juice and concentrate and reported t1/2 values
varying from 16.7 to 2.9 h for 8.9◦ Brix samples at 60, 70, 80, and 90 ◦C, whereas Cemeroğlu et al. [32]
reported that t1/2 values for anthocyanins degradation were 54.3, 22.5, and 8.1 h in sour cherry juice at
60, 70, and 80 ◦C, respectively.
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Table 2. Kinetic parameters for the thermal degradation of antioxidant activity of the purple maize
flour extract.

Temperature (◦C) k × 10−2 (min−1) D Value (min) t1/2 (min)

80 0.16 ± 0.01 * 1428.57 ± 25.67 429.96 ± 13.45
90 0.34 ± 0.02 666.66 ± 17.59 200.65 ± 11.26
100 0.57 ± 0.10 400 ± 19.35 120.39 ± 16.78
110 0.64 ± 0.09 357.14 ± 8.89 107.49 ± 11.27
120 1.42 ± 0.28 161.29 ± 7.66 48.54 ± 2.24
130 1.70 ± 0.26 135.13 ± 3.82 40.67 ± 2.87
140 1.93 ± 0.25 119.04 ± 4.61 35.83 ± 2.98
150 2.18 ± 0.27 105.26 ± 2.39 31.68 ± 1.97
160 2.23 ± 0.13 103.09 ± 2.19 31.02 ± 2.67
170 3.91 ± 0.18 58.82 ± 1.12 17.70 ± 1.43
180 4.85 ± 0.29 47.39 ± 1.14 14.26 ± 1.82

Ea 41.12 ± 3.00 kJ/mol (0.95) zT 75.75 ± 2.87 ◦C (0.93)

* Standard deviation.

To determine the effect of temperature on the parameters studied, the k values were fitted to an
Arrhenius-type equation. The Ea value estimated for the degradation of antioxidant activity in the purple
maize flour extract was 41.12 ± 3.00 kJ mol−1, suggesting that a higher energy is needed to thermally
degrade the antioxidant activity, an aspect that can be explained by the different thermostability of the
compounds from the extract responsible for the antioxidant activity.

Bolea et al. [24] suggested higher values for antioxidant activity after thermal degradation of
phytochemicals from black rice flour extracts, with values ranging from 1.33 × 10−2 min−1 at 60 ◦C
to 2.18 × 10−2 min−1 at 100 ◦C. Wang and Zu [9] suggested Ea value of 58.95 kJ/mol for anthocyanin
degradation during heating the 8.9◦ Brix blackberry juice, whereas Mercali et al. [31] suggested value
of 74.8 kJ/mol for degradation kinetics of monomeric anthocyanins in acerola pulp during thermal
treatment by ohmic and conventional heating. As expected, the z-value denotes that the thermal
resistance of the compounds responsible for the antioxidant activity (75.75 ± 2.87 ◦C) is greater than
that for spores or vegetative cells, suggesting that the rates of thermal destruction of bioactives are
very much less temperature sensitive.

3.4. In Vitro Digestibility of ANCs in the Purple Maize Flour Extract as Affected by Thermal Treatment

The unheated ANCs extracts (equivalent to 10 mg C3G/mL) were digested sequentially in the
gastric and intestinal simulated juices. Prior to digestion step, the extracts were heat treated at 80 ◦C for
40 min, and at 120 ◦C and 180 ◦C for 7 min. The TAC and antioxidant activity in the different fractions
were quantified at every 30 min. During in simulated gastric digestion, the untreated TAC content
showed no changes in the first 60 min of reaction, with a significant decrease of approximatively 21%
after 120 min (Figure 3a).

  
(a) (b) 

Figure 3. The decrease in total monomeric anthocyanins in the purple maize flour extract in gastric (a)
and intestinal (b) simulated in vitro digestion as affected by thermal treatment. Temperature: � 25 ◦C,
� 80 ◦C, � 120 ◦C, � 180 ◦C.

The extract heated at 80 ◦C showed a high stability of ANCs at gastric digestion, with changes
in ANCs during 120 min of digestion of approximatively 16%. A sequential digestion pattern was
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observed in the case of extract heated at 120 ◦C (Figure 3a), with a maximum decrease registered after
120 min of gastric digestion of 32%. When heating the extract at the higher temperature of 180 ◦C,
the digestion ended quickly after 60 min, and low amounts of ANCs were detected after 120 min
(Figure 3a). McGhie and Walton [33] suggested that the acidic conditions of the simulated gastric
fluid contributed to the stability of ANCs, whereas Talavera et al. [34] reported that anthocyanin was
absorbed via the stomach in rats. Thus, it can be appreciated that the high stability of the anthocyanins
after gastric digestion may be very important because it suggests that in vivo, circulating metabolites
may be present such as the anthocyanin metabolites found in the gastric fluid, as suggested by
Kim et al. [35].

After simulated intestinal digestion, the TAC of the purple maize extract at 25 ◦C was slowly
decreased from 5% after 30 min of digestion to a maximum of 12% after 120 min, when compared to
that observed after simulated gastric digestion (Figure 3b). Heat treatment increased the degradation
rate of ANCs in intestinal juice, with a maximum levels registered after 120 min of digestion of
approximatively 60% after a heat treatment at 80 ◦C, 30% after heating at 120 ◦C, and 83% after a
preliminary heating at 180 ◦C, respectively.

Regarding the mechanism of ANC metabolism, Stevens and Maier [36] reported that the process
involved the opening of the intramolecular heterocyclic flavylium ring under alkaline conditions in
the intestinal fraction. It is well known that ANCs are typically stable at an acidic pH but unstable at
an alkaline pH. Moreover, the pH stability of anthocyanins depends on their chemical structures [30].
The methoxyl groups on the B-ring of anthocyanins seem to enhance the stability of anthocyanins at
an alkaline pH. For example, it has been reported that malvidin-3-O-glucoside, which has methoxyl
groups on the B-ring, exhibited higher stability than cyanidin-3-O-glucoside across the alkaline pH
range [37].

3.5. In Vitro Digestibility of Antioxidant Activity as Affected by Thermal Treatment

The DPPH radical scavenging activity results of untreated extracts in simulated gastric and
intestinal in vitro digestion model are presented in Figure 4.

  
(a) (b) 

Figure 4. The antioxidant activity of the purple maize flour extract in gastric (a) and intestinal
(b) simulated in vitro digestion as affected by thermal treatment. Temperature: � 25 ◦C, � 80 ◦C,
� 120 ◦C, � 180 ◦C.

The DPPH radical scavenging activity decreased for the untreated extract from the gastric to the
intestinal fraction from approximatively 14% to 24%, respectively, after 120 min of digestion for each
phase. In the gastric simulated digestion fraction, the heat treatment had no significant (p > 0.05) effect
on DPPH radical scavenging activity, thus registering decreasing variations of approximatively 11%
after heating at 80 ◦C, 7% after a heat treatment at 120 ◦C, and of 14% by heating at 180 ◦C, after 120 min
of gastric digestion (Figure 4a). Significant decreases (p < 0.05) were found in intestinal simulated juice,
up to 78% for the extract heated at 180 ◦C, whereas for the extracts with no heating or heated at 80 ◦C,
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a slow decrease up to 24% was found (Figure 4b). These changes in antioxidant activity are highly
correlated with the loss of anthocyanins in gastric and intestinal fraction.

4. Conclusions

Purple maize extract has high anthocyanin content and high antioxidant activity, which may
increase its popularity, as a significant source of bioactives. The chromatographic profile of the purple
maize flour extract displayed the presence of six main compounds, namely, cyanidin-3-O-glucoside,
pelargonidin-3-O-glucoside, peonidin-3-O-glucoside, cyanidin-3-O-(6′′-malonylglucoside), pelargonidin-
3-O-(6′′-malonylglucoside), and peonidin-3-O-(6′′-malonylglucoside), with the two major compounds
being cyanidin-3-O-glucoside and its acylated form cyanidin-3-O-(6′′-malonylglucoside).
The thermostability of anthocyanins in extracts at temperatures between 80 and 120 ◦C was
suggested, thus highlighting the opportunity to use these extracts in different processes involving high
temperature–short time parameters. At temperatures ranging from 120 ◦C to 180 ◦C, both anthocyanins
and antioxidant activity degraded following a first-order kinetic model. The z-values confirmed
that the thermal resistance factors for food attributes are greater than those for spores or vegetative
cells. Molecular modeling tests, performed on starting bimolecular complexes in which all types of
self-association between main anthocyanins from purple corn are favored, indicated that, depending
on the starting models, both intramolecular copigmentation and intermolecular self-association events
are possible at 180 ◦C, therefore explaining the experimental results on the degradation of anthocyanins
at high temperature. The thermal treatment affected the anthocyanin and antioxidant stability during
the in vitro digestion. Different patterns in anthocyanins and antioxidant activity were found, both in
gastric and intestinal digestion, highlighting a good stability when preliminarily heated up to 120 ◦C.
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Abstract: This study aimed to model and optimize a green sustainable extraction method of phenolic
compounds from the coffee husk. Response surface methodology (RSM) and artificial neural net-
works (ANNs) were used to model the impact of extraction variables (temperature, time, acidity, and
solid-to-liquid ratio) on the recovery of phenolic compounds. All responses were fitted to the RSM
and ANN model, which revealed high estimation capabilities. The main factors affecting phenolic
extraction were temperature, followed by solid-to-liquid ratio, and acidity. The optimal extraction
conditions were 100 ◦C, 90 min, 0% citric acid, and 0.02 g coffee husk mL−1. Under these conditions,
experimental values for total phenolic compounds, flavonoids, flavanols, proanthocyanidins, phe-
nolic acids, o-diphenols, and in vitro antioxidant capacity matched with predicted ones, therefore,
validating the model. The presence of chlorogenic, protocatechuic, caffeic, and gallic acids and
kaemferol-3-O-galactoside was confirmed by UPLC-ESI-MS/MS. The phenolic aqueous extracts from
the coffee husk could be used as sustainable food ingredients and nutraceutical products.

Keywords: coffee by-products; phenolic compounds; antioxidant capacity; response surface method-
ology; artificial neural networks

1. Introduction

The United Nations Sustainable Development Goals promote the warranting of sus-
tainable consumption and production patterns such as achieving the efficient use of natural
resources and reducing waste generation through prevention, reduction, recycling, and
reusing [1]. Likewise, the Food and Agriculture Organization (FAO) is focused on re-
designing the global food system to be more productive, environmentally sustainable,
and able to deliver healthy and nutritious foods to the population [2]. In this respect, the
reduction of the food industry wastes and by-products is a clear need. The development
of ground-breaking strategies for revalorizing food by-products via their conversion into
food-grade novel ingredients is a critical challenge in the food chain [3].

The processing of the coffee cherries into coffee beans is very complex and produces a
variety of residues. Mature fruits are collected and transformed by basically two methods:
dry or wet processing [4]. Within the dry processing, the coffee cherries are sun-dried. The
coffee husk is separated during the following de-hulling step. The coffee husk comprises
the skin, pulp, mucilage, parchment, and parts of the silverskin. In the wet processing,
conversely, water is used to separate ripened and unripped coffee cherries. After this
separation, the coffee pulp and skin are removed using a pulper. The coffee parchment
remains attached to the coffee bean [5]. Therefore, wet processing produces pulp and
parchment, whereas dry processing produces just the coffee husk, which contains both
parts (Figure 1). The disposal of coffee husk without treatment causes environmental
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problems in the producing countries, owing to the high content of caffeine and phenolic
compounds composing it [6]. The traditional use of the coffee husk is the preparation of
the “Cascara beverage”, traditionally consumed in Yemen and Ethiopia [7]. Current uses
for the coffee husk include mushroom cultivation [8], lignin extraction [9], and recovery
of biomolecules from the lignin alkali hydrolysate [10], bioethanol production [11], bio-
sorbents preparation [12], and composting [13]. Although these strategies for valorizing the
coffee husk contribute to the coffee industry’s sustainability, the production of high-value-
added food ingredients is a more desirable approach to promoting a more productive,
environmentally sustainable food system.

Figure 1. Coffee cherry anatomy (A) from the outside to the inside (skin, pulp, mucilage, parchment
(comprising the coffee husk), silverskin, and coffee bean) and appearance of dried coffee husk once
separated from the coffee bean (B).

The coffee husk is a source of phenolic compounds and caffeine. Chlorogenic, protocat-
echuic, and gallic acids are the main phenolic compounds comprised in it and responsible
for the coffee husk antioxidant properties [7]. Extracting these compounds could be a
strategy to valorize the coffee husk and develop food ingredients with health-promoting
properties. Coffee antioxidants are associated with preventing chronic diseases such as
obesity, diabetes, and other cardiometabolic diseases [14]. Limited research has evaluated
the extraction of these phytochemicals from the coffee husk [15]. Green extraction meth-
ods are needed to ensure the sustainability of the system. Even though there is research
pointing out the use of ultrasound- and microwave-assisted extractions and pressurized
liquid extraction [16], heat-assisted extraction (HAE) is still the most common extraction
technique in the food industry [17]. Consequently, there is a need to model, optimize, and
validate the green HAE of phenolic compounds from the coffee husk.

Response surface methodology (RSM) is one of the chemometric techniques often
employed to optimize procedures in food production and analysis [18]. The parameters
influencing the extraction are modeled and optimized using RSM, principally to reduce
energy and, therefore, extraction costs [19]. Machine learning algorithms may also be
employed for these purposes. Artificial neural networks (ANNs) have gained interest
in modeling and optimization processes. This methodology allows for the study of the
relationships between the extraction and response variables, i.e., the extraction yield,
employing fewer experimental measurements [20]. ANNs are computational models based
on the structure and functions of the nervous system and the brain and have extraordinary
learning and predictive abilities [21]. Hence, these mathematical and computational
tools can be used to enhance the effectiveness of the extraction process, making it more
economically and environmentally sustainable.

We hypothesized that the modification of extraction parameters would increase the
recovery yield of phenolic compounds from the coffee husk, allowing the establishment
of a green sustainable extraction method. Hence, this study aimed to model the process
conditions to maximize the sustainable aqueous extraction of phenolic compounds from the
coffee husk using response surface methodology and artificial neural networks, optimize
it, and comprehensively characterize the obtained extracts using UPLC-MS/MS analysis.
Multivariate statistics were used to gain insight into the effects of extraction conditions on
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the phenolic composition and its relationship with the in vitro antioxidant capacity of the
obtained aqueous phenolic extracts.

2. Materials and Methods

2.1. Material and Sample Preparation

The coffee husk, mechanically separated from the sun-dried cherries of the Arabica
species variety Caturra, was supplied by “Las Morenitas” (Nicaragua). The milling of the
coffee husk was carried out in a pilot-scale ball mill over three days, then sieved with a
pilot-scale sieve, selecting the fraction with a particle size of <250 μm. Milled coffee husk
was stored in closed and sealed plastic bags and preserved in dark and dry conditions to
avoid oxidation until further extraction and analysis.

2.2. Experimental Design
2.2.1. Response Surface Methodology (RSM)

Box–Behnken, being a spherical RSM, consists of a central point and several middle
points on the edges of a cube superimposed on the sphere, which requires fewer experi-
ments than other statistical designs. We employed a four-factor, three-level Box–Behnken
design coupled to RSM to find the optimal extraction conditions to achieve the highest
extraction of phenolic compounds from the coffee husk. The experimental conditions for
the aqueous extraction of phytochemicals from the coffee husk are presented in Table 1.
The statistical design comprised 27 experimental runs with three levels (−1, 0, 1) for each
of the variables: temperature (◦C) (X1), time (min) (X2), acidity as the percentage of citric
acid in water (%) (X3), and solid-to-liquid ratio (S/L, g mL−1) (X4). Those parameters were
selected according to previous studies found in the literature and tested on preliminary ex-
periments to guarantee they exerted an influence on the extraction of phenolic compounds
from coffee parchment [17]. The impact of extraction temperature was investigated in the
range from 30 to 100 ◦C, time from 5 to 90 min, S/L ratio, 0.02–0.05 g mL−1, and acidity,
0–2% citric acid. The variables were coded according to the following equation:

X =
xi − x0

Δx
(1)

where X is the coded value; xi, the corresponding actual value; x0, the real value at the center
of the domain; and Δx, the increment of xi corresponding to a variation of 1 unit of x. The
response variables were fitted to the following second-order polynomial model equation,
which described the relationship between the responses and the independent variables.

Y = β0 +
k

∑
i=1

βiXi +
k

∑
i=1

βiiX2
ii +

k−1

∑
i

k

∑
j

βijXij (2)

where Y was the response variables; Xi and Xj were independent coded variables; β0 was
the constant coefficient; βi was the linear coefficient; βii was the quadratic coefficient, and
βij was the cross-product coefficients.
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Based on the analysis of variance (ANOVA), the regression coefficients of individual
linear, interaction, and quadratic terms were determined. The numerical magnitude of
the standardized model coefficients evidenced their significance in the obtained model.
Among standardized coefficients, the larger values are more effective. Plots depicting
response surface 3D plots were constructed for all the response variables (Figure 1A).

The polynomial equation’s fitness to the responses was assessed through the coefficient
of determination (R2). The significance of all the terms within the polynomial equation
was analyzed statistically by analyzing the F-value at p < 0.05. Equations were created,
selecting the significant (p < 0.05) non-standardized coefficients (including non-significant
terms if needed to ensure that the model was hierarchical), and their statistical parameters
(F-value and R2) were determined again.

2.2.2. Artificial Neural Networks (ANNs)

A multilayer perceptron (MLP)-based feed-forward ANN was applied for modeling
the extraction of phenolic compounds from the coffee husk. MATLAB version R2020a
was used to model the data using ANNs. The experimental data was constructed using
the regression-based network approach. The Broyden–Fletcher–Goldfarb–Shanno (BFGS)
quasi-Newton back-propagation (TRAINBFG) method was selected since it is an efficient
training function because it performs non-smooth optimizations and smaller networks [22].
The gradient descent method (LEARNGDM) as the adaptive learning function was used to
minimize the mean squared error (MSE) between the network output and the actual error
rate [23]. The hyperbolic tangent sigmoid transfer function (TANSIG) and linear transfer
function (PURELIN) were used to calculate a layer’s output from its net input [24]. All
these functions were used to train the neural network and built the best ANN. Multiple
feed-forward neural networks were trained and, subsequently, tested by determining the
number of neurons in the hidden layer to select an optimized ANN topology, with the
lowest root mean square error (RMSE) and highest R2 values. However, the number of
epochs (or cycles through the whole training dataset) was restricted to a minimum to avoid
over-fitting while establishing an optimal topology. Increased epoch numbers may cause
model over-fitting issues. The network architecture (Figure 2B) consisted of an input layer
with four neurons (temperature (T), time, (t), acidity, and S/L ratio), one hidden layer with
ten neurons, and an output layer with one neuron, which represented each of the response
variables (total phenolic compounds, TPC, in Figure 2B).

2.3. Comparison of the Prediction Ability of RSM and ANN

Several statistical parameters, including the coefficient of determination (R2), the root
mean square error (RMSE), and the absolute average deviation (AAD), were calculated
for the comparison of the estimation capabilities of RSM and ANN, according to the
following equations.

R2 = 1 − ∑n
i=1

(
Ypre − Yexp

)2

∑n
i=1

(
Ym − Yexp

)2 (3)

RMSE =

√
∑n

i=1
(
Ypre − Yexp

)2

n
(4)

ADD (%) =

(
∑n

i=1
(∣∣Ypre − Yexp

∣∣/Ypre
)2

n

)
·100 (5)

where Ypre is the predicted response variable (by either RSM or ANN), Yexp is the observed
response variable, Ym is the average response variable, and n is the number of experiments.
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Figure 2. Representative 3D plots illustrating the behavior of total phenolic compounds (TPC) extraction (A). Responses
(mg g−1) are graphed against two paired variables: T (temperature in ◦C), acidity (% citric acid), t (time in min) and S/L
(solid:liquid ratio in g mL−1); the topology of the multilayer feed-forward neural network for TPC (B), and scatter plot
between the experimental and predicted yield by artificial neural networks (ANNs) for training, validation, testing, and
overall data fitting for TPC (C).

2.4. Validation of the Model

The extraction conditions were optimized for the maximum yield of phenolic com-
pounds (total phenolic compounds (TPC), total flavonoids (TF), total flavanols (TFL), total
proanthocyanidins (PAC), total phenolic acid (TPA), and total ortho-diphenols (TOD)) and
the antioxidant capacity (AC) by employing RSM. Then, the responses were determined
under the optimal and suboptimal extraction conditions. Finally, the experimental values
were compared with predicted values (from RSM and ANN) based on the coefficient of
variation, CV (%), to determine the model’s validity. The UPLC-ESI-MS/MS profiles of
phenolic compounds were also determined at the optimized conditions.

2.5. Heat-Assisted Extraction (HAE)

The HAE was carried out in closed vessels in a temperature-controlled water bath
with continuous stirring. According to the experimental design, the milled coffee husk
was extracted at various temperatures, times, acidity values, and S/L ratios as described
in Table 1. Once HAE was finished, the solubilized phytochemicals were separated by
centrifugation (4000× g, 4 ◦C, 15 min), and the supernatants were freeze-dried. The samples
were resuspended in Milli-Q water (10 mL) after neutralization and preserved at −20 ◦C
until analysis.
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2.6. Organic Solvent Extraction of Free and Bound Phenolic Compound Fractions

Free and bound phenolic fractions from the coffee husk were extracted as described
by Rebollo-Hernanz et al. [25] Phenolic compounds from the coffee husk were recovered
using a conventional organic method to compare these conditions to those of the optimized
methodology using just water as the extracting agent. Here, phenolic compounds’ total
content was calculated as the sum of the free and bound phenolic fraction.

2.6.1. Extraction of Free Phenolic Compounds

Milled coffee husk (1.0 g) was macerated for 30 min using methanol-HCl (0.1%)/H2O
(80:20, v/v) (50 mL) in an ultrasonic bath. After that, samples were maintained under
stirring for 16 h at 40 ◦C. The samples were centrifuged (4000× g, 4 ◦C, 15 min), and the
supernatants were collected. This process was repeated two times. All the methanolic
fractions were combined and evaporated under vacuum. The free phenolic compound
fractions were redissolved in methanol (10 mL) and were preserved at −20 ◦C until analysis.

2.6.2. Extraction of Bound Phenolic Compounds

The insoluble residues from the free phenolic compound extraction were hydrolyzed
using 4 mol L−1 NaOH (20 mL) under an atmosphere of N2 under continuous shaking (1 h,
25 ◦C). The hydrolysates were acidified with 8 mol L−1 HCl until reaching pH 2. Then, the
samples were centrifuged (4000× g, 4 ◦C, 15 min), and bound phenolic compounds were
extracted from the aqueous alkali phase. Liquid:liquid extraction with diethyl ether:ethyl
acetate (50:50, v/v) was repeated three times, and the three organic phases were mixed. Or-
ganic fractions were dried under vacuum, redissolved in methanol (10 mL), and preserved
at −20 ◦C until analysis.

2.7. Determination of Phenolic Compounds
2.7.1. Total Phenolic Compounds (TPC)

Total phenolic compounds were quantified using the Folin–Ciocalteu colorimetric
method, following the protocol of Singleton, Orthofer, and Lamuela-Raventós [26] adapted
to the micromethod format. Samples (10 μL) were mixed with the Folin–Ciocalteu reagent
(diluted 1:14, v/v in Milli-Q water) (150 μL). After incubating for 3 min, 20% Na2CO3
(50 μL) was added to each well, and the mixture was homogenized. Plates were incubated
for 2 h at room temperature. The absorbance was read at 750 nm using a microplate reader
incubation. Calibration curves were prepared using solutions of gallic acid, and results
were expressed as mg of gallic acid equivalents per gram (mg GAE g−1) of dry coffee husk.

2.7.2. Total Flavonoids (TF)

The content of total flavonoids was determined using the aluminum chloride method
adjusted to the micromethod format [27]. Briefly, samples and standards (100 μL) were
mixed with 5% Na2NO2 (30 μL) and incubated for 5 min at 20 ◦C. Subsequently, 10% AlCl3
(30 μL) was added. The mixture was further homogenized and incubated for 6 min. Then,
2 mol L−1 NaOH (100 μL) was added, and the solution was finally homogenized. The
absorbance was recorded at 510 nm. The content of total flavonoids was estimated with a
quercetin calibration curve, and the results were expressed as mg of quercetin equivalents
per gram (mg QE g−1) of dry coffee husk.

2.7.3. Total Flavanols (TFL)

The content of total flavanols was assessed by the vanillin method adapted [28].
Samples (10 μL) were added to each well, and 8.4 mol L−1 vanillin 1% HCl (50 μL) and 37%
HCl (250 μL) were added and let to react (15 min, 20 ◦C). The absorbance was measured at
500 nm, and the concentration of total flavanols was calculated using a standard curve of
catechin. The results were expressed as mg of catechin equivalents per gram (mg CE g−1)
of dry coffee husk.
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2.7.4. Total Proanthocyanidins (PAC)

The content of total proanthocyanidin was determined using a modification of the
Bate-Smith method [29]. Briefly, 10 μL of each extract and 1 mL of 0.54 mmol L−1 FeSO4
in butanol/HCl (50:50) were incubated at 90 ◦C for 1 h. After cooling, the absorbance
was measured at 550 nm against an unheated blank prepared in the same way than each
sample. Cyanidin chloride was used as a standard to construct the calibration curve.
Results were expressed as mg of cyanidin chloride equivalents per gram of dry coffee husk
(mg CCE g−1).

2.7.5. Total Phenolic Acids (TPA)

The content of total phenolic acids was measured following the method described by
Vukic et al. [30]. Samples or standards (10 μL) were mixed with Milli-Q water (50 μL). Then,
a Na2MoO4 solution and 0.1 mol L−1 HCl (50 μL) were combined with the diluted sample,
and then NaOH was added (100 μL, 0.1 mol L−1). The absorbance was measured at 490 nm
and the content of total phenolic acids was estimated using a calibration curve of caffeic
acid. The results were expressed as mg of caffeic acid equivalents per gram (mg CAE g−1)
of dry coffee husk.

2.7.6. Total ortho-Diphenols (TOD)

The content of ortho-diphenols was estimated according to the method described by
Granato et al. [31]. Samples (50 μL) were mixed with 0.05 g mL−1 Na2MoO4·2H2O. The
absorbance was measured at 370 nm after a 25 min incubation, and the o-diphenols content
was calculated using a calibration curve of caffeic acid. The results were expressed as mg
of caffeic acid equivalents per gram (mg CAE g−1) of dry coffee husk.

2.7.7. Assessment of In Vitro Antioxidant Capacity (AC)

The coffee husk phenolic extracts’ in vitro antioxidant capacity was assessed using
the ABTS•+ assay, as previously described [32]. ABTS•+ radical cations were generated
by mixing ABTS solution with K2S2O8 (dark and room temperature for 12–16 h, under
continuous shaking before use). The ABTS•+ assay solution was prepared by dilution in
PBS (5 mmol L−1, pH 7.4) to reach an absorbance of 0.70 ± 0.02 at 734 nm. The samples
and standards (30 μL) were mixed with the 270 μL of ABTS•+ assay solution, and the
absorbance of the samples at 734 nm was read after a 10 min incubation. Calibration curves
were prepared using standard solutions of Trolox, and the results were expressed as mg
Trolox equivalents per gram (mg TE g−1) of dry coffee husk.

2.8. UPLC-ESI-MS/MS Analysis of Phenolic Compounds

The targeted phenolic compounds were analyzed using UPLC-ESI–MS/MS accord-
ing to a method previously described [33]. Extracts were suspended in water, filtered
(0.22 μm), and the internal standard 4-hydroxybenzoic-2,3,5,6-d4 acid solution (Sigma–
Aldrich, St. Louis, MO, USA) was added to the samples in a proportion of 1:5 (v/v). Data
were collected under the multiple reaction monitoring mode for the quantification, tracking
the specific transition of parent and product ions for each compound. The electrospray ion-
ization was operated in negative mode. All phenolics were quantified using the calibration
curves of their corresponding standards. Injections were carried out in triplicate (n = 3).

2.9. Statistical Analysis

Statistical analysis of the experimental results was performed using the statistical
programs Design Expert 11, MATLAB version R2020a, and SPSS 24.0. All data are pre-
sented as the mean ± standard deviation (SD) of at least three independent experiments
(n = 3), where each experiment had a minimum of three replicates for each sample. For
comparisons among extraction conditions, data were analyzed by one-way analysis of
variance (ANOVA) and the post hoc Tukey test. Differences were considered significant
at p < 0.05. The statistical design, RSM model, and optimization were calculated with
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Design Expert. ANN models were constructed, tested, and validated using MATLAB. The
chemometric analysis was carried out to describe the phenolic extracts better. Principal
component analysis (PCA) was used to classify samples according to their phenolic com-
position. Partial least squares analysis (PLSA) was used to rank the spectrophotometric
and chromatographic parameters according to their importance (variable importance in
projection (VIP) scores) on the variability among extracts. An agglomerative hierarchi-
cal cluster analysis coupled to a heatmap was generated to depict the variability among
extracts. Principal components regression (PCR) and principal least squares regression
(PLS-R) were constructed to evaluate the influence of individual phenolic compounds on
the in vitro antioxidant capacity. Pearson’s linear correlations were calculated to assess
the association between spectrophotometric techniques and results and chromatographic
methods, using the concentration of phenolic compounds obtained.

3. Results and Discussion

3.1. Fitting of the RSM and ANN Models

The experimental results for each of the 27 conditions from the Box–Behnken design
are presented in Table 1. The RSM fitting for each response variable (TPC, TF, TFL, PAC,
TPA, TOD, and AC) was produced using second-order polynomial equations. Response
surface 3D plots were generated for each response variable. Figure 2A depicts the behavior
of TPC when modifying extraction variables as a representative response. The graphs were
generated by plotting the response (TPC) against two independent variables while keeping
the other independent variables at a fixed level (in its intermediate value).

The non-significant terms (p > 0.05) were not considered to improve the models’ fitting
and prediction. Both complete (RSM) and simplified models, including just significant
(p < 0.05) terms (RSM ST), statistical parameters measuring the predictive ability of models
are presented in Table 2. RSM models exhibited R2 values between 0.8919 and 0.9744,
demonstrating a high linear correlation between experimental and predicted values. The
RSM ST models exhibited lower R2 values (0.7101–0.9597); nonetheless, the model’s math-
ematical fitting continues to show a strong correlation between experimental–predicted
values. The lower RMSE and ADD are, the better is the fit between experimental and
predicted values. Thus, it was observed that the complete RSM models exhibited lower
RMSE and ADD than the RSM ST models for all the response variables.

The ANN was used to predict non-linear associations between the extraction parame-
ters (X1, X2, X3, and X4) and the response variables (TPC, TF, TFL, PAC, TPA, TOD, and
AC). The experimental values used to create the RSM model were also employed to build
the ANN model: 70% (19 points) for network training, 15% (4 points) for validation, and
the remaining 15% (4 points) for network testing (Figure 2C). The output responses were
calculated by passing the weighted sum of input variables to each neuron via an activation
function represented by the ANN architecture’s hidden layer. The interconnected weights
were randomly initialized and adjusted to minimize residual errors between the target and
the models’ actual outputs (Figure 2B). The optimal number of neurons in the hidden layer
was identified through a systematic trial-and-error method using the TPC input. According
to this principle, the best results were acquired with feed-forward network topologies,
with three layers: input, output, and one hidden layer, with ten neurons, trained with
the back-propagation algorithm. These architectures were then used for all the response
variables. The correlation coefficient between experimental response variables and the
ANN’s predicted values was higher than 0.9 for training, validation, testing, and overall
fitting for all variables. As an example, Figure 2C depicts the scatter plots for TPC modeling.
Table 2 shows the high R2 and low RMSE and ADD obtained from the ANN models. R2

values ranged from 0.9802–0.9950. RMSE and ADD values were lower than those of RMS
and RSM ST, between 0.02–0.24 and 0.19–2.79, respectively. Therefore, it was proved that
ANNs are a complex optimization and simulation computational method that displays
great potential due to their robust prediction and estimation abilities [34].
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Table 2. Comparison of optimization and prediction capabilities of response surface methodology
(RSM) and ANN for the extraction of total phenolic compounds (TPC), total flavonoids (TF), total
flavanols (TFL), total proanthocyanidins (PAC), total phenolic acids (TPA), total o-diphenols (TOD),
and the in vitro antioxidant capacity (AC). R2: the coefficient of determination; AAD: absolute
average deviation.

Response Modeling Method R2 RMSE AAD (%)

TPC
RSM 0.9402 0.16 3.02

RSM ST 0.9110 0.20 3.58
ANN 0.9802 0.09 1.48

TF
RSM 0.8919 0.36 4.20

RSM ST 0.7101 0.63 6.95
ANN 0.9950 0.08 0.57

TFL
RSM 0.9222 0.05 0.50

RSM ST 0.8639 0.06 0.65
ANN 0.9882 0.02 0.19

PAC
RSM 0.9413 0.06 1.97

RSM ST 0.8747 0.09 2.92
ANN 0.9879 0.03 0.78

TPA
RSM 0.9355 0.16 6.61

RSM ST 0.8901 0.20 8.40
ANN 0.9860 0.07 2.79

TOD
RSM 0.9627 0.05 3.47

RSM ST 0.9489 0.06 4.19
ANN 0.9882 0.03 1.59

AC
RSM 0.9744 0.41 2.47

RSM ST 0.9597 0.51 3.16
ANN 0.9912 0.24 1.52

RSM ST: RSM simplified models including only significant (p < 0.05) terms.

3.2. Effect of HAE Parameters on the Different Response Variables

RSM regression equations, extraction variables contributions, and statistical parame-
ters (ANOVA) are presented in Table 3. All the response variables adjusted to second-order
polynomial equations explained the variation in the different responses as a function of
the extraction parameters. The p-values were used to evaluate the significance of each
coefficient. Low p-values, below 0.05, 0.01, and 0.001, indicated that the model terms
were significant, highly significant, and remarkably significant, respectively, and p-values
greater than 0.05 indicate that the model terms were not significant [35]. Temperature (X1)
and S/L ratio (X4) significantly (p < 0.01) contributed to all response variables. Acidity
(X3) significantly (p < 0.01) influenced TF, TFL, TPA, TOD, and AC. The impact of time
(X2) was just significant for AC (p < 0.05). The quadratic influence of extraction parame-
ters was restricted to TPC (temperature and time), TF (temperature), TFL (temperature
and acidity), PAC (S/L ratio), TPA, TOD, and AC (temperature and acidity). Similarly,
the interactive effects of the variables were limited to temperature–acidity in TPC; the
temperature–S/L ratio in TPC, TFL, PAC, TPA, TOD, and AC; time–acidity in TOD and
AC; the time–S/L ratio in TPC and TOD; and acidity–S/L ratio in TFL, PAC, TOD, and AC.
The quadratic (5.1–28.6%) and interactive (6.2–17.1%) effects exhibited a low contribution
to the models. Contrariwise, the linear effect accounted for 61.3–78.6% of the contribution
on the extraction.
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The TPC varied from 3.28 to 5.93 mg g−1 (Table 1). The model, explaining 94.0% of the
variation, was mainly influenced by temperature (35.1%) and the S/L ratio (25.9%) (Table 3).
Generally, a high extraction temperature is associated with an increase in the solubility of
phenolic compounds from the matrix [36]. A decrease in the S/L ratio enhances the extrac-
tion of phenolic compounds from plant matrices by reducing the saturation effects due
to the concentration of phenolic compounds [37]. The TF ranged from 5.52–10.10 mg g−1

(Table 1). Similar to TPC, temperature exhibited the highest contribution (41.8%), whereas
acidity and S/L ratio were the following variables contributing to the variability of the
model (15.1% and 12.9%, respectively), which responded to 89.2% of the total variability
(Table 3). Previous studies demonstrated a positive impact of this parameter on flavonoid
extraction [38]. The TFL oscillated from 0.51 to 1.26 mg g−1 (Table 1). The model was
mainly contributed by temperature (29.2%), acidity (21.5%), and S/L ratio (13.4%), as
observed for TF (Table 3). Recently, Silva et al. [15] observed that higher TFL content was
obtained from coffee husk using HAE at 60 ◦C than with ultrasound-assisted extraction alt
35 ◦C. Therefore, the extraction temperature showed a key role in the phenolic recovery.
The PAC fluctuated less than other responses (2.08–3.48 mg g−1) (Table 1). In contrast
to other responses, the main factor affecting PAC extraction was the S/L ratio (40.7%)
(Table 3). Temperature showed a remarkably significant (p < 0.001) effect (27.4%). Procyani-
dins extraction entails higher difficulty due to the lower polarity in aqueous solvents [39].
As observed, higher water volumes and high temperatures would be needed to recover
the maximum PAC yield. The TPA reached 1.19–3.93 mg g−1 (Table 1). This extraction
model was primarily influenced by temperature and acidity (36.4% and 30.4%, respectively)
(Table 3). Likewise, the TOD varied from 0.72 to 1.85 mg g−1 (Table 1). Contrary to the
other responses, TOD was not only highly influenced by temperature and acidity (24.5
and 21.2, respectively) linearly, but also a remarkably significant (p < 0.001) effect was
observed quadratically by acidity (20.0%) (Table 3). High acidity can degrade chlorogenic
acid. This compound is unstable under these conditions; thus, lower acidity is preferred
to extract when chlorogenic acid is present [40]. Finally, the AC of the extracts from the
coffee husk oscillated from 9.90 to 18.77 mg g−1 (Table 1). Acidity was the main extraction
variable affecting AC (42.1%), followed by temperature (28.0%) (Table 3). This model
explained 97.4% of the total viability, being the best one among the studied response
variables. As previously mentioned, the effect of acidity/low pH needs to be taken into
account in extracts with a high concentration of chlorogenic acid, such as coffee, and its
by-products [41]. In summary, the positive impact of temperature and S/L ratio was
evidenced for all the responses (TPC, TF, TFL, PAC, TPA, TOD, and AC). Temperature
increases the water diffusivity, and the lower S/L ratio favors the mass transfer. Moreover,
the negative effect of acidity was proved in most of them, attributable to the degradation
of chlorogenic acids, highly distributed in all the coffee cherry tissues. Time did not affect
the extraction significantly (p < 0.05).

All models exhibited remarkably significant fitting (p < 0.001), F-value (7.07–32.67).
R2 values exhibited a very strong correlation, being close to the unity and similar to the
Adj. R2 values. To increase the significance of the models’, the non-significant linear,
quadratic, and interactive terms were excluded from the model, and the mathematical
model was recalculated, resulting in the polynomial equations shown in Table 4. R2

values diminished since these models did not include all the variability of the extraction
parameters. Nonetheless, they were much more significant (p < 0.0001), showing F-values
from 15.77 to 44.96. Hence, the obtained models are presented as an approach for predicting
the real behavior of the extraction of phenolic compounds from the coffee husk when
modifying the studied parameters (temperature, time, acidity, and S/L ratio).
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Table 4. Non-coded equations and their statistical parameters for the extraction of total phenolic compounds (TPC), total
flavonoids (TF), total flavanols (TFL), total proanthocyanidins (PAC), total phenolic acids (TPA), total o-diphenols (TOD),
and the in vitro antioxidant capacity (AC).

Non-Coded Equation R2 F-Value p-Value

YTPC = 4.0 − 1.5 × 10−2 x1 − 1.7 × 10−3x2 − 5.0 × 10−1x3 + 4.1 × 10+1x4 + 3.8 ×
10−4x1

2 + 2.4 × 10−4x2
2 + 7.6 × 10−3x13 − 7.4 × 10−1x14 − 5.6 × 10−1x24

0.9110 19.33 <0.0001

YTF = 8.6 − 1.9 × 10−2x1 − 6.4× 10−1 x3 − 4.0× 10+1 x4 + 3.8× 10−4 x1
2 0.7414 15.77 <0.0001

YTFL = 1.1 − 2.4 × 10−3x1 − 4.9 × 10−1x3 − 1.7x4 + 8.8 × 10−5x1
2 + 9.4 × 10−2x3

2 −
1.5 × 10−1x14 + 5.4x34

0.8639 17.23 <0.0001

YPAC = 2.0 + 1.5 × 10−2x1 − 4.7 × 10−1x3 + 2.2 × 10+1x4 − 4.6 × 10+2x4
2 − 2.8 ×

10−1x14 + 1.2 × 10+1x34
0.8747 23.27 <0.0001

YTPA = 2.2 − 5.3 × 10−3x1 − 1.2x3 + 1.6 × 10+1x4 + 2.9 × 10−4x1
2 + 3.6 × 10−1x3

2 −
4.8 × 10−1x14

0.8901 26.99 <0.0001

YTOD = 1.3 − 3.3 × 10−3x1 + 8.3 × 10−3x2 − 7.5 × 10−1x3 + 4.0x4 + 1.1 × 10−4x1
2 +

2.4 × 10−1x3
2 − 1.8 × 10−1x14 − 2.1 × 10−3x23 − 1.6 × 10−1x24 + 5.4x34

0.9489 29.73 <0.0001

YAC = 1.6 × 10+1 + 2.3 × 10−2x1 + 9.2 × 10−3x2 − 6.9x3 + 9.4x4 + 9.6 × 10−4x1
2 +

1.1x3
2 − 2.6x14 − 1.9 × 10−2x23 + 8.7 × 10+1x34

0.9597 44.96 <0.0001

3.3. Evaluation and Experimental Validation of Optimal Conditions

Maximizing the desirability of all the responses (TPC, TF, TFL, PAC, TPA, TOD,
and AC) conduced to two optimal extraction conditions varying just on the extraction
time (100 ◦C, 0% acid, 0.02 g mL−1, and 90 and 5 min, respectively). These conditions
predicted the maximum yield of phenolic compounds and antioxidant capacity (among
the conditions established). Their responses were evaluated experimentally and validated.

RSM and ANN-predicted values and experimental results obtained after extraction
under optimal and suboptimal conditions are shown in Table 5. The extraction at optimal
conditions yielded an extract with a high content of phenolic compounds and antioxidant
capacity. The experimental results did not differ from the predicted values from RSM
(0.0–5.5%) and ANN (2.3–11.8%). At suboptimal conditions, the difference was slower
for the RSM model (0.0–1.6%) and the ANN model (0.2–9.8%). Therefore, both models,
showing low CV (%) values, could be validated. The optimal and suboptimal conditions
generated extract with significantly different concentrations of phenolic compounds and
antioxidant capacity. However, the reduction in time could be of interest to the industry.
A considerable time reduction (18-fold) would mean a reduction in energy consumption
(the extracting agent, here water, has to reach 100 ◦C and be maintained for 5 or 90 min).
Thus, selecting the suboptimal conditions as the most appropriate for the food industry
would result in a higher extraction method sustainability. At these optimal and subopti-
mal conditions, the need for milling the sample was assessed: extractions were carried
using non-milled or raw samples, and the same analyses were performed. No differences
(p > 0.05) were found for most of the response variables at optimal conditions. On the
contrary, all response variables from the raw coffee husk exhibited significant differences
(p < 0.05) with the milled one. Milling increased the extraction yield by 20–74%. We have
previously evidenced that milling increases the extraction of total phenolic compounds
from coffee parchment (one of the teguments composing the coffee husk) [42]. A smaller
particle size favors mass transfer from the coffee pulp to the extracting water.
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Compared with the organic solvent extraction, HAE extraction at optimal and subop-
timal conditions yielded 40–70% of TPC, TF, and TOD but extracted 87% of PAC and 100%
of TFL and AC. Therefore, while reducing the concentration of phenolic acids, flavanols
would be exerting a higher antioxidant capacity, resulting in 100% antioxidant capacity
maintenance. The bound phenolic fraction was also studied. This fraction, bound to the
coffee husk cell walls, accounted for 11–25% of the total phenolics and antioxidant capacity.
From these results, it is evidenced that the residue resulted from the aqueous extraction
would still contain a high concentration of free and bound phenolic compounds, and
consequently, antioxidant capacity. This residue could be used as a source of antioxidant
dietary fiber, as we have recently proposed [43], but also further treated to separate the
phenolic compounds associated with dietary fiber [44,45]. The literature gathers scarce
information about the extraction of bioactive compounds from the coffee husk.

The concentration of TPC varies among the diverse extraction conditions used by
different authors. Silva et al. [15] extracted phenolic compounds with ethanol and water:
ethanol mixtures. Ruesgas-Ramon at al. [46] used deep eutectic solvents, whereas Andrade
et al. [47] employed supercritical fluids to extract phenolic compounds from the coffee
husk. The aqueous extract presented concentrations similar to those obtained with eutec-
tic solvents but much lower than those obtained with ethanol and supercritical carbon
dioxide. Torres-Valenzuela et al. [48] extracted high contents of caffeine, chlorogenic acid,
and protocatechuic acid using supramolecular solvents from the coffee pulp. In general,
the phytochemical load in the coffee husk depends on the coffee variety, coffee cherry
processing, and the plants’ stress and climatic and soil conditions [41,49].

3.4. UPLC-ESI-MS/MS Phenolic Compound Profile and Chemometric Analysis

The UPLC-ESI-MS/MS analysis of the phenolic compounds profile from the dif-
ferent coffee husk extracts (Table 6) rendered a better comprehension of the compo-
sition of the extracts and the extraction behavior. Representative chromatograms of
the optima condition HAE extract, free, and bound phenolic extracts are illustrated in
Figure 3A. The main phenolic compounds composing the aqueous extracts was chlorogenic
acid (670–906 μg g−1), followed by protocatechuic acid (55–128 μg g−1), kaempferol-3-O-
galactoside (12–32 μg g−1), and gallic acid (9–23 μg g−1). The reduction of the extraction
time (from 90 to 5 min) significantly (p < 0.05) reduced the concentration of all phenolics
compounds, but syringic, p-coumaric, and ferulic acids, which were not found or their
concentration was reduced in the optimal conditions of extraction (100 ◦C, 90 min, 0% acid,
0.02 g mL−1). Moreover, the effect of milling was also significant (p < 0.05). (+)-Catechin
and procyanidin B1 were just released from the coffee husk matrix in the milled samples.
Likewise, vanillic and 3,4-dihydroxyphenylacetic acids, (−)-epicatechin, and procyanidin
B2 were primarily present in the aqueous extract from the optimal conditions and in a
much lower concentration when reducing time or skipping the milling step. The free phe-
nolic compounds fraction (extracted with methanol) contained the highest concentration
of chlorogenic acid (1428 μg g−1), kaempferol-3-O-galactoside (40 μg g−1), (+)-catechin
(30 μg g−1), and (−)-epicatechin (25 μg g−1). On the other hand, the protocatechuic acid
concentration was lower. The high temperature used in HAE may be liberating protocate-
chuic acid from the bound phenolic fraction [50]. The bound phenolic compounds fraction
(extracted after an alkali hydrolysis) was mainly composed of caffeic and protocatechuic
acids (90 and 43 μg g−1, respectively), with caffeic acid’s concentration being 3.4-fold
higher than in the free fraction.
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Figure 3. Superimposed chromatograms of the extract at optimal conditions, free, and bound phenolics and the chemical
structures of gallic, protocatechuic, chlorogenic, caffeic acids and kaempferol-3-O-galactoside, major phenolic compounds
found in the coffee husk (A), biplot (scores of samples and load factors of each variable) of the principal component analysis
(PCA) (B), Variable importance in projection (VIP) scores from partial least squares analysis (PLSA) (C), agglomerative
hierarchical cluster analysis coupled to heatmap (from the lowest ( ) to the highest ( ) value for each parameter) (D)
showing the associations among the measured parameters and classifying phenolic extracts from coffee husk according
to them, and the ten most significant coefficients from principal components regression, PCR (E) and principal least
squares regression, PLS-R (F). Circles in different colors indicate minor phenolic or phenolic family, green ( )), major
phenolic, blue ( ).
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PCA (Figure 3B) revealed the intrinsic grouping among samples. PCA extracted five
factors or principal components (PCs) to explain the phytochemical variability among the
aqueous and organic extracts from the coffee husk. The two first PCs (the ones graphed)
explained 88.1% of the variability; PC1 and PC2 represented 68.7 and 19.4% of the whole
variability. The PC1 exhibited a positive influence on all the in vitro determinations (TPC,
TF, PAC, TPA, TOD, and AC) but TFL, and most compounds measured by UPLC-MS/MS,
excluding caffeic, ferulic, p-coumaric, and 3,4-dihydroxyphenylacetic acids, and the flavan-
3-ols dimes, procyanidins B1 and B2, which were correlated with PC2. The PCA’s clustering
grouped the optimum condition (Op.1 Milled) with the sample of free phenolic compounds.
In turn, the three other aqueous extraction conditions (100 ◦C, 0% acid, 0.02 g mL−1; 90 min,
using raw coffee pulp, Op.1 Raw; and 5 min using both raw (Op.2 Raw) and milled (Op.2
Milled) coffee pulp) were grouped together, between the free and bound phenolic extracts.
Total phenolics were depicted on the right edge of the graph. Therefore, the extracts were
classified from left to right according to the total phenolic content.

Figure 3C represents the VIP scores from the PLS analysis. Total phenolics measured
by UPLC (total UPLC), phenolic, and hydroxycinnamic acids were the three most variable
parameters among the samples. Chlorogenic and caffeic acids were the individual phenolic
compounds exhibiting the highest variation, and therefore, showing the most significant
impact on sample classification. As the heatmap coupled to the dendrogram of hierarchical
clustering shows (Figure 3D), the extract at optimum condition (Op.1) was depic-ted
separately, between free and total phenolic, which were considered similar, and bound
phenolics and the other three aqueous extracts (Op.1 Raw and Op.2 Milled and Raw).
The differences in the extracts’ phenolic composition and antioxidant capacity define the
extraction at optimal conditions (100 ◦C, 90 min, 0% citric acid, and 0.02 g mL−1 S/L
ratio) as the best extraction, being the most similar to the conventional extraction of free
phenolics. A comprehensive analysis was carried out to find 18 compounds, including
hydroxybenzoic, hydroxycinnamic, phenylacetic acids, monomeric and dimeric flavan-3-
ols, and flavonols. Previous studies have been focused on the main phenolic compounds
(chlorogenic, protocatechuic, gallic, and caffeic acids) and the caffeine content [15,46,47].

Phenolic compounds from the coffee husk have been demonstrated to possess antioxi-
dant potential, as revealed in a previous study [51]. Identifying the compounds responsible
for these properties arouses great interest. Extensive research has focused on the sep-
aration and purification of active biomolecules from food and natural products [52,53].
The isolation and purification of the phytochemicals extracted following the proposed
green extraction method could strengthen their biological activity to be then used as food
ingredients or nutraceutical products. The ten most significant coefficients from principal
component regression (PCR) and partial least squares regression (PLS-R) are depicted in
Figure 3E,F. From the PCR coefficients, chlorogenic and protocatechuic acids were the
main phenolic compounds responsible for the in vitro antioxidant capacity. According to
the PLS-R coefficients, gallic acid and quercetin-3-O-glucoside, and 3-O-galactoside were
also significant contributors to the antioxidant properties of the extracts from the coffee
husk. These phenolic compounds have been formerly associated with potent antioxidant
properties in vitro and in vivo [54–57].

Pearson’s correlations were studied to analyze the relationship among in vitro pa-
rameters and the phenolic compounds quantified chromatographically. The obtained
associations were illustrated in a heatmap (Figure 4).

The concentration of numerous phenolic compounds correlated with the in vitro
assays results. The concentration of chlorogenic acid in the extracts from the coffee
husk strongly correlated with the content of TPC and TPA (r = 0.8973, p < 0.01 and
r = 0.9619, p < 0.001, respectively). Protocatechuic acid also showed a strong association
with TPA (r = 0.8745, p < 0.01). Kaempferol-3-O-galactoside significantly correlated with
TPC (r = 0.9008, p < 0.001) and TF (r = 0.8864, p < 0.001). The sum of flavonoids exhibited
strong association with TF (r = 0.9584, p < 0.001). Furthermore, the sum of the concentra-
tion of all individual phenolic compounds (total UPLC) presented a significant (p < 0.01)
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correlation (r = 0.8333–0.9842) with all the in vitro methods. Consequently, the use of
these spectrophotometric techniques to screen the best extraction conditions could be vali-
dated, as indicated by Granato et al. [58]. In vitro methods are consistent during screening
steps, as long as more specific and comprehensive techniques are used for phytochemical
profile analysis.

Figure 4. Heatmap depicting the Pearson correlation coefficients from the associations among in vitro determinations of
phenolic families and the different phenolic compounds quantified using UPLC-ESI-MS/MS.

This study presents the most comprehensive analysis of phenolic compounds compos-
ing the coffee husk. Here, we present the aqueous soluble phenolic compounds extracted
with HAE and the complete phenolic profile from free and bound phenolic compounds’
fractions. The protective effects of these compounds against oxidative stress and the devel-
opment of chronic diseases have been widely reported in the literature [51,59]. Chlorogenic
acid, the major phenolic compound found in the coffee husk, displayed the highest PCR
and PLS-R coefficients, and positively correlated with the in vitro AC (r = 0.8977, p < 0.01).
This compound has been demonstrated to be an excellent radical scavenger following
different antioxidant mechanisms and activating cellular antioxidant response (Nrf2-ARE
signaling pathways) [54,60]. Additionally, chlorogenic acid presents other biological prop-
erties, including the modulations of glucose and lipid metabolism [61], promotion of
adipocyte browning [62], and prevention of inflammation [63]. These health-promoting
properties elicit the use of the coffee husk as a sustainable source of chlorogenic acid,
among other phytochemicals. Thus, using these aqueous extracts from the coffee husk as
healthy ingredients could be a great strategy in valorizing coffee by-products and produc-
ing novel sustainable products. Although the present work is limited to a variety of coffee
husk, the sustainable conditions established could be applied in the extraction of other
coffee varieties and even to the extraction of phenolic compounds from the coffee pulp (a
by-product comparable to the coffee husk but obtained through the wet processing).

4. Conclusions

A green sustainable extraction method for recovering the high-value phenolic com-
pounds from the coffee husk was modeled and validated. The modification of the extraction
variables (temperature, time, acidity, and S/L ratio) lead to an improved extraction of phe-
nolic compounds and in vitro antioxidant capacity. The use of RSM and ANN permitted
one to model and optimize the aqueous extraction of total phenolic compounds, flavonoids,
and flavanols proanthocyanidins, phenolic acids, and o-diphenols, and a high in vitro
antioxidant capacity. Thus, the optimal conditions (100 ◦C, 90 min, 0% citric acid, and
0.02 g mL-1 S/L ratio), producing phenolic-rich extracts from the coffee husk using water
as the only extracting agent were established. The presence of chlorogenic, protocatechuic,
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caffeic, and gallic acids and several flavonols, with kaemferol-3-O-galactoside being the
primary one, was confirmed by the UPLC-ESI-MS/MS results. Chemometric techniques
defined chlorogenic acid as the main antioxidant compound. Likewise, multivariate analy-
sis permitted us to validate spectrophotometric techniques for screening the best extraction
methods since they showed strong correlations with the chromatographic results. This
green extraction may revalorize the coffee husk, a by-product generated globally and
of outstanding chemical and biological interest, as a new food ingredient with potential
antioxidant and health-promoting properties.
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Kupczyński, R.; Włodarczyk, M.;

Szumny, A.; Nowaczyk, R.M. The

Effect of Ilex × meserveae S. Y. Hu

Extract and Its Fractions on Renal

Morphology in Rats Fed with Normal

and High-Cholesterol Diet. Foods

2021, 10, 818. https://doi.org/

10.3390/foods10040818

Academic Editors: Yolanda Aguilera

and Vanesa Benítez García

Received: 16 March 2021

Accepted: 6 April 2021

Published: 9 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biostructure and Animal Physiology, Division of Histology and Embryology,
Wroclaw University of Environmental and Life Sciences, Norwida 25, 50-375 Wroclaw, Poland;
piotr.kuropka@upwr.edu.pl

2 Department of Environment Hygiene and Animal Welfare, Wroclaw University of Environmental
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Abstract: Therapeutic properties of Ilex species are widely used in natural medicine. Ilex × meserveae
may become a potential substitute for Ilex paraguariensis (Yerba Mate). As a part of the preliminary
safety verification of this European Ilex hybrid vs. Yerba Mate, an eight-week study concerning the
impact of regular administration of leaves of both species on kidneys was conducted. The standard
water infusion and three dominant fractions of Ilex × meserveae leaves’ constituents (polyphenols,
saponins and less polar terpenoids) were separately tried on 96 male Wistar rats divided into 8-
member groups. Animals were divided into two basic nutritional groups: the first one was rats fed
standard feed and the second on was rats fed with high-cholesterol diet (20 g of cholesterol per kg
of standard feed). Postmortem morphometric evaluation of stained kidney samples concerned the
filtration barrier elements, which are crucial in proper diuresis. The results showed that saponins
present in the hydroalcoholic dry extract (administered in a dose of 10 mg/kg of body weight/day)
as well as in water infusions (1:20) from Ilex × meserveae and Ilex paraguariensis do not demonstrate
nephrotoxicity but conversely, have a protective role on kidney status in animals fed with a normal
diet and in a high-cholesterol diet.

Keywords: Ilex × meserveae; Yerba Mate; kidney filtration barrier; high-cholesterol diet; saponins;
terpenoids; polyphenols

1. Introduction

Ilex L. species, especially Ilex paraguariensis A. St.-Hil., are frequently used in tradi-
tional medicine. The brew (infusion) of Ilex paraguariensis leaves, known as Yerba Mate,
was ritually used by Native South Americans before the colonizers’ arrival. This beverage’s
consumption is recently being expanded to many North America, Asia, and European
countries. In trade, Yerba Mate, in its ground form, contains mainly leaves, together with
fragments of young branches, flowers, and peduncles. Simultaneously, I. paraguariensis
extracts are distributed as an additive in various products, e.g., cosmetics and food sup-
plements as well as functional foods [1,2]. The research confirmed that the therapeutic
effect of Ilex spp. concern arthritis, diabetes, immune diseases, hemorrhoids, headaches,
liver dysfunction, and obesity [3]. Many studies have shown that obesity and related
diseases are significant health problems [4,5]. In this plant’s case, the research indicated
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that I. paraguariensis water extract lowered total cholesterol and low-density lipoprotein
in people with high levels of serum lipid, and thus is promiscuous to treat obesity [5,6],
while hyperlipidemia can be a risk factor for the progression of renal diseases and changes
of glomerular structure and thickness of basement membrane [7]. It is noteworthy that
cholesterol modulates the bilayer structure parameters of biological membranes, such as
thickness, compressibility, water penetration. However, high cholesterol and triglyceride
plasma levels have been demonstrated to be important risk factors for the progression
of kidney disease and high total cholesterol or reduced HDL (high-density lipoprotein)
cholesterol can decrease glomerular filtration rate [8].

In terms of phytochemical research, I. paraguariensis has probably been the subject of
the most intensive investigations among all Ilex spp. [3]. It should be noted that the content
of active biological compounds present in Ilex species depends on extraction methods,
phenotype, environmental variability, as well as harvest time [9]. Generally, I. paraguarien-
sis extracts contain polyphenols (including flavonoids, tannins, chlorogenic acid, and its
derivatives), purine alkaloids (methylxanthines; like caffeine or theobromine), vitamins (A,
B, C, and E) as well as some triterpene saponins (derived mainly from ursolic acid) [10].
The main phenolic compounds in I. paraguariensis are associated with caffeoylquinic es-
ters [11]. Our preliminary study [12] confirmed that Ilex species other than I. paraguariensis
also contain a high amount of polyphenolic fraction (rich in rutin, quinic acid, and its
caffeoyl esters), triterpenes, as well as their glycosides (saponins). The similarity of phy-
toconstituents in European Ilex × meserveae S. Y. Hu “Blue Angel” and South American
I. paraguariensis allows us to consider I. meserveae “Blue Angel” as a promising source of
bioactive compounds [12]. Of the above, caffeoylquinic esters were generally found to be
interesting remedies for lowering blood cholesterol [5,6].

The Ilex secondary metabolites are mainly eliminated via the kidney route and im-
pact the diuresis level due to dynamic changes in the glomerular filtration barrier (GFB)
structure. The glomerular basement membrane provides stability for the filtration process
and constitutes the GFB [13]. According to Jarad and Miner [14], the glomerular capillary
wall consists of three layers: the glomerular basement membrane and the fenestrated
endothelium, with its glycocalyx; the podocyte with interfoot processes and the fenes-
tral diaphragm; and the glomerular basement membrane. These structures have been
considered as the significant determinants of glomerular permeability with functional
importance of two additional layers: the endothelial surface layer and the subpodocyte
space; which all of the above structures have highly restrictive dimensions and contribute
to the hydraulic resistance and ultrafiltration characteristics of the glomerulus [13,15].
Disturbed glomerular filtration barrier functions play a crucial role in developing many
kidney diseases, including proteinuria [14,16].

Generally, it has been observed that drinking the infusion of many leaf extracts
increases urination in animal models. There are only rare reports about the influence of
I. paraguariensis beverages [17] on the urinary system, while no report on I. meserveae was
found. However, the medical properties, including the impact on the high-cholesterol diet
and also the side effects of Ilex spp., expected of Ilex paraguariensis, have not been studied
in detail yet. Therefore, based upon our earlier study [12] on detailed characterization
of polar, semipolar (polyphenolic, saponin), and less-polar (terpenoid) fractions from
plants belonging to the Ilex genus, we decided to comparatively investigate the effects of I.
paraguariensis and I. meserveae extract on kidney structure in animals fed with a normal and
high-cholesterol diet. As factors modulating the impact of the adverse effects of cholesterol
were used the extracts of I. paraguariensis (Yerba Mate) and I. meserveae, and fractions of the
last one: polyphenols, terpenoids, and saponins.

2. Materials and Methods

2.1. Reagents and Plant Materials

The following solvents were used for UHPLC-MS (ultra-high-performance liquid
chromatography coupled with mass spectrometry detector): acetonitrile (MS-purity; Sigma-
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Aldrich, St. Louis, MO, USA), water (LC-gradient; Merck, Kenilworth, NJ, USA), and formic
acid (p.p.a. (pure per analysis), 98–100%, Merck). Analytically pure methanol (Chempur,
Karlsruhe, Germany) and distilled water were used to extract Ilex leaves. Ballast substances
were precipitated with lead (II) acetate (p.p.a, Chempur). The octadecyl bed for the SPE
(solid-phase extraction) process was from J. T. Baker. Suitable solvents and reagents used
for histological examinations were bought from Archem, Ommen, The Netherlands.

The leaves of Ilex × meserveae S. Y. Hu “Blue Angel” (Aquifoliaceae, voucher Il.6/06.2016)
were obtained from a nursery (Grodziszów, Poland) and authenticated by Professor Prze-
mysław Bąbelewski. Immediately after harvesting, the leaves were frozen (−20 ◦C) and
lyophilized to avoid enzymatic degradation of metabolites (20 h in 0.25 mBar, followed
by 4 h in 0.025 mBar; Alpha 1–4 LDplus, Martin Christ). Directly after the lyophilization
process, the leaves were reduced to a powder and extracted. Commercial Yerba Mate leaves
(Ilex paraguariensis A. St.-Hil.), used as well-recognized standards in a saponin identification
protocol, were purchased from two independent distributors (vouchers Il.1a/06.2016 and
Il.1b/06.2016). Voucher specimens were deposited at the Department of Horticulture, The
Faculty of Life Sciences and Technology, Wroclaw University of Environmental and Life
Sciences, Wroclaw, Poland.

2.2. Plant Extracts
2.2.1. Water Extracts

Infusion of I. paraguariensis and I. meserveae were prepared day by day (across the
animal experiment period) in the same manner by adding 50.0 g of dried and ground
leaves to 1L of boiled water (80 ◦C), left for 20 min, then filtered. The typical process
efficiency for I. meserveae was 1.4% (calc. on DM (dry mass)). Suspected active compounds
in this extract were: simple sugars, polysaccharides, amino acids and other acids (including
phenolic acids), small polar glycosides, polar polyphenols, saponins, and terpenoids listed
in Appendix A (Tables A1–A3).

2.2.2. Polyphenols

Extracts from I. meserveae dried leaves were prepared with 80% methanol as the
solvent, according to the method presented by Zwyrzykowska et al. [12]. The resulting
fine powder was sufficiently soluble in water at experimental concentration. Process yield
was 1.3% (calc. on DM). Detailed HPLC composition was published in [12].

2.2.3. Saponins

Extracts from I. meserveae dried leaves were prepared and analyzed using a modified
methodology developed by Włodaczyk et al. [18]. Briefly, the powdered plant material
was cold-macerated with 70% methanol; the polar compounds (polysaccharides, peptides,
phenolics) were precipitated and removed. Simultaneously, the supernatant was diluted
and cleaned by solid-phase extraction (SPE) on an RP-18 bed to obtain a refined saponin
fraction. This fraction was concentrated to dryness by consecutive vacuum evaporation
and lyophilization. The resulting finely powdered dry extract fortified with saponins was
sufficiently soluble in water at experimental concentrations. The yield of the saponin-
enriched fraction was 2.5% (calc. on starting leaf DM). Suspected active compounds in this
extract were mainly triterpenoid glycosides (saponins). Detailed isolation protocol and
UHPLC-MS data are presented in Appendix A (Tables A2 and A3).

2.2.4. Terpenoids

According to a protocol published in Polish Patent applications P.437122 and P.437123,
the terpenoid fraction was obtained. The isolation details are presented in Appendix A.1.
Terpenoid fraction was dissolved in sunflower oil and added to animal feed. At the same
time, the extract was monitored by gas chromatography with mass spectrometry (GC-MS).
The yield of I. meserveae lipophilic fraction was 1.8% (calc. on starting DM). The detailed
composition of the terpenoid fraction is presented in Appendix A (Table A1).
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2.3. Animals, Housing, and Diets

All experimental procedures used in this study were approved by the II Local Ethics
Committee in Wroclaw, Poland (permission No. 94/2015). The study was carried out on
96 male Wistar rats, aged 8 weeks, weight 250–280 g, kept in standardized environmental
conditions (12/12 h light/dark cycle, the temperature approximately 22 ◦C, humidity about
55%). Every single cage counted two individuals. The animals were divided into two basic
nutritional groups. The first main group (assigned with Roman numerals) was rats fed a
standard feed and the second main group (assigned with Roman numerals followed by the
letter a) was rats fed with a high-cholesterol diet (20 g of cholesterol per kg of standard
feed). Each of the two main groups was divided into six subgroups consisted of 8 animals
each. As factors modulating the impact of the negative effects of cholesterol were used
the extracts of I. paraguariensis (Yerba Mate; II, IIa), I. meserveae (III, IIIa) and I. meserveae
fractions: polyphenols (IV, IVa), terpenoids (V, Va) and saponins (VI, VIa). The subgroups
I and Ia were the control groups (received no additional herbal extracts), while the other
subgroups differed in the type of extracts added (data presented in Table 1). The doses of
examined herbal extracts have been selected based on the de Resende et al. [19] study with
our modification.

Table 1. Research groups of experimental animals. Control groups: I, Ia, and other groups with diet modified by the
addition of Ilex extracts (II–VI) or both Ilex extracts and cholesterol (IIa–VIa).

Group Diet Type (8 Animals in Each Diet Group)

I rats fed with a standard diet

Ia rats fed as a group I but with the addition of 20 g of cholesterol per kilogram of diet

II
rats receiving instead of drinking water the water extract of I. paraguariensis
(each day, freshly infused extract was prepared by extraction of 50 g of leaves with 1L boiled water; every two animals
had free access to 250 mL of this sole source of drink per day)

IIa rats fed as group II but with the addition of 20 g of cholesterol per kilogram of diet

III
rats receiving instead of drinking water the water extract of I. meserveae “Blue Angel”
(each day, freshly infused extract was prepared by extraction of 50 g of leaves with 1L boiled water; every two animals
had free access to 250 mL of this sole source of drink per day)

IIIa rats fed as group III but with the addition of 20 g of cholesterol per kilogram of diet

IV
rats receiving additionally polyphenol fraction from I. meserveae “Blue Angel”
(each day, the dry extract was freshly solubilized in water in a dose of 10 mg/kg BW;
every two animals had free access to 250 mL of this sole source of drink per day)

IVa rats fed as group IV but with the addition of 20 g of cholesterol per kilogram of diet

V
rats receiving additionally terpenoid fraction from I. meserveae “Blue Angel”
(each day, 200 mL of oil was mixed with terpenoids (in a dose 10 mg/kg BW) and 1 kg of feed and left overnight; every
two animals had free access to diet and drinking water, supplied ad libitum as in group I)

Va rats fed as group V but with the addition of 20 g of cholesterol per kilogram of diet

VI
rats receiving additionally saponin fraction from I. meserveae “Blue Angel”
(each day, the dry extract was freshly solubilized in water in a dose of 10 mg/kg BW;
every two animals had free access to 250 mL of this sole source of drink per day)

VIa rats fed as group VI but with the addition of 20 g of cholesterol per kilogram of diet

During the eight weeks of the experiment period, rats were fed ad libitum with a stan-
dard pelleted feed (composition: dry mass—906.04 (g/kg); energy content—19.78 (MJ/kg);
total protein—17.42 (% DM); crude fat—2.13 (% DM); crude fiber—9.45 (% DM); Hybrid-
pellet, Animalab, Poland). All animals had free access to drinking fluids, either water or
Ilex infusion or Ilex fraction drink (250 mL/24 h/cage). Food and liquid ingestion and
body weight (BW) were monitored daily throughout the experiment. At the end of the
study, the animals were anesthetized with isoflurane and sacrificed by abdominal aorta
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exsanguinations. The kidneys were examined by the pathologist macroscopically in situ,
based on the position, color, shape, size, and consistency of the organs.

2.4. Specimen Processing and Staining

The kidney samples were taken during the necropsy and immediately fixed in 10%
neutral buffered formalin for three days, then washed in tap water for 24 h, dehydrated in
a graded alcohol series, cleared in xylene, and finally embedded in paraffin. The 5 μm thick
sections were routinely stained with hematoxylin and eosin (H&E, Sigma-Aldrich) and
Alcian blue (Sigma-Aldrich) according to our modification. Histopathological observations
were performed using a Nikon Eclipse 80i light microscope.

2.5. Statistical Analysis

Morphometric studies were carried out using the Nis-Elements Ar software (Nikon).
A minimum of ten measurements of the glomerulus, the vascular loop, and the basement
membrane’s thickness in the vascular loop was performed from each individual of the
experimental group. The average was calculated based upon ten representative areas
from the kidney cortex in each sample. All data were presented as mean ± SD. Statistical
analysis was made using one-way analysis of variance (ANOVA) and performed using
Statistica 6.0 (StatSoft), taking p < 0.05 as significant.

3. Results

3.1. Morphological Studies

Macroscopically, the kidneys’ structure, with a clear border between cortex and
medulla, was well preserved in all experimental groups. The kidney capsule was not
strongly anchored to the organ parenchyma. However, the kidneys’ edema and blood
congestion were observed in some individuals of the group’s II, IIa, IIIa, IVa, Va, and VIa.
The edema was mainly associated with increased diuresis.

3.2. Hematoxylin and Eosin Staining

No significant changes were observed in the control group—Ia (Figure 1a). It should
be noted that urogenesis and the transfer of urine through the tubules were slowed down.
Proximal and distal tubules had enlarged light and were lined with a regular cuboidal
epithelium (Figure 1a,b). In the case of the high-cholesterol control group—Ib, the renal
glomeruli were congested, but there was no high urine content in the capsule (Figure 1b).

Figure 1. The structure of the kidneys in the control groups: in normal, I (a) and high-cholesterol diet, II (b); (a) note the
lack of the urine in proximal tubules and slightly enlarged distal tubules (black arrow); (b) glomerulus filled with blood
(black arrow) hematoxylin and eosin (H&E) staining. Mag. 400×. Bar scale 100 μm.
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The results of morphological studies indicated in groups IIa (Figure 2b), III (Figure 2c),
IIIa (Figure 2d) moderately increased urogenesis (visible intensive glomerular filtration),
and slightly greater congestion were present in groups: II (Figure 2a), III (Figure 2c) and
IIIa (Figure 2d). In rats fed with a high-cholesterol diet and watered the extract of Ilex
paraguariensis (group IIa), there was some toxic effect in the kidney cortex, visible as the
presence of proliferating fibroblasts and lymphocytes near large vessels (Figure 2b).

Figure 2. The changes in the structure of the kidneys in groups: II (a), IIa (b), III (c), IIIa (d). Glomeruli with different
urine content (black arrow). Note the presence of leukocytes in the kidney parenchyma in IIa group (b) (red arrow). H&E
staining. Mag. 400×. Bar scale 100 μm.

Among the three fractions tested, the most potent activity enhancing urogenesis with
numerous sites showing the arrested vascular flow and increased activity of connective
tissue cells were observed in groups: IV (Figure 3a), IVa (Figure 3b), Va (Figure 3d), VI

(Figure 3e) were the weakest in group V (Figure 3c). In group VIa, the outlook was similar,
but it seems that the proximal and distal tubules were less filled with urine (Figure 3f). The
toxic effect was observed as venous stasis with the presence of proliferating fibroblasts.
Moreover, extensive lymphocyte infiltrates in large vessels’ vicinity were particularly
noticeable in group IVa (Figure 3b).

3.3. Alcian Blue Staining

Morphological analysis of Alcian blue staining did not show significant differences in
polysaccharides’ content within the glomeruli in control groups. In both groups, glomeruli
were filled with numerous erythrocytes (Figure 4a,b).
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Figure 3. The changes in the structure of the kidneys in groups: IV (a), IVa (b), V(c), Va (d), VI (e), and VIa (f). A glomerulus
with different urine and blood content (black arrow). The massive lymphocyte infiltration around the glomerulus in group
IVa (b) (white arrow) H&E staining. Mag. 400×. Bar scale 100 μm.

The tissue staining with Alcian blue showed that in groups II (Figure 5a), III (Figure 5c),
IV (Figure 6a), and V (Figure 6c), the active compounds had an influence on the blood-urine
barrier, leading to increased urogenesis. The study revealed that cholesterol significantly
reduces this effect because the polysaccharide content decrease was observed only for group
VIa (Figure 6f). In the other groups, no such differences were found (Figures 5b,d and 6b).
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Figure 4. The changes in the kidneys’ structure in the controls group: in I, animals fed with normal (a) and II, high-
cholesterol diet (b). Note the high content of proteoglycans (blue color) in the capillary tuft of the glomerulus (black arrow).
Alcian blue staining. Mag. 200×. Bar scale 50 μm.

Figure 5. The changes in the structure of the kidneys in animals fed with a normal diet—groups II (a), III (c), and in animals
fed with high-cholesterol diet—groups IIa (b), IIIa (d). A glomerulus with different proteoglycan content (arrow). Note the
presence of urine in the glomerulus in group III (c). Alcian blue staining. Mag. 200×. Bar scale 50 μm.
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Figure 6. The changes in the proteoglycans content in the kidneys from groups IV (a), V (c), and VI (e) fed with normal
diet and from groups IVa (b), Va (d), VIa (f) fed with a high-cholesterol diet. A glomerulus with different urine and blood
content (black arrow). Noticeable differences in the lumen of proximal and distal tubules result from different levels of
diuresis. Alcian blue staining. Mag. 400×, Bar scale 50 μm.

3.4. Morphometric Analysis

The morphometric analysis of the first nutrient group showed a significant reduction
in the content of basal membrane polysaccharides within the glomeruli in groups II, III,
IV, and V fed with a normal diet. These observations were confirmed for the second
group—fed with a high-cholesterol diet in the morphometric study. A slight decrease in
the polysaccharide content was observed in group VI.
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3.4.1. Thickness of the Basement Membrane

The results of the morphometric analysis of the basement membrane’s thicknesses
in the glomerulus showed that glycoprotein content in the glomerulus is different in
subsequent groups (Figure 7). The differences between group I and groups II, III, IV, V

were statistically significant (Figure 7a). The Ist group in relation to VIth is negligible
(Figure 7a). In the high cholesterol groups, the content of polysaccharides in the glomerulus
was equal in most groups except the IVa group. The differences between the Ia and IVa

groups were statistically significant (Figure 7b).

Figure 7. The membrane thickness of the capillary tuft. (a) Differences between the control group—I and groups II, III, IV,
V were statistically significant at p = 0.05 (and signed by *); (b) Difference between the control group—Ia and IVa group
was statistically significant at p = 0.05 (and signed by *). Vertical scale units expressed in μm.

3.4.2. Comparison of the Surface of the Glomerular Capsule to the Capillary Tuft

In animals fed with a regular diet, there was an increase in glomerular capsule size in
groups II and III. Minimal statistically significant growth was observed in group V and a
decrease in group IV. There were no changes in group VI (Figure 8a). In the animals fed
with a high-cholesterol diet, there was an apparent decrease of the glomerular surface in
IIa, IIIa, IVa, and Va groups and a slight increase in group VIa (Figure 8b). A statistically
significant differences compared to the control were reported in groups: II, III, IV, V, IIa,
IIIa, IVa, Va, VIa.

Figure 8. The capsule’s surface area and capillary tuft in kidneys of animals fed with regular diet (a) and fed with a
high-cholesterol diet (b). Differences were statistically significant in respect to the control group at p = 0.05 (and signed by *).
Vertical scale units expressed in μm.

3.4.3. The Ratio between the Size of the Glomerular Capsule and the Capillary Tuft

In this analysis, there is an increase of the glomerular surface capsule in groups:
II, III, V in relation to group I. In groups IV and VI, the increases were not statistically
significant (Figure 9a). In the second nutritional group, a decrease in this value is generally
observed, which in the situation of the slightly increased surface area of group Ia indicates
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a somewhat normalizing effect in group IIa and Va (more potent) and contained in the
components in groups IIIa, IVa, and VIa on vascular tuft (Figure 9b).

Figure 9. The ratio of the capsule surface to the capillary tuft surface in rats fed with regular diet (a). The ratio of the capsule
surface to the capillary tuft surface in rats fed with a high-cholesterol diet (b). Differences were statistically significant in
respect to the control group at p = 0.05 (and signed by *). Vertical scale units expressed in μm.

The detailed statistical differences concerning the performed measurements between
all groups are presented in Appendix A (Tables A4–A9).

4. Discussion

The water extracts of I. meservae leaf contain: water-soluble microelements, carbo-
hydrates and nitrogen-containing metabolites, polar phenolics (caffeoylquinic acids and
glycosides of flavonoids), and saponins (glycosides of triterpenoids). Starting the work
on testing the safety of prolonged administration of I. meservae leaf infusion in animals
(rodents), we assumed to observe significant differences among the kidney-targeted effects
of administration of standard infusion and the main, easy-separable groups of constituents
of Ilex leaf (phenolics, saponins, and non-polar terpenoids). From the three assessed frac-
tions, the positive role of polyphenols is widely described, whereas data about saponins as
well as terpenoids are limited. However, together they seem to have numerous positive
activities. In vivo studies conducted by de Oliveira et al. [20] indicate that Ilex paraguariensis
plays an important, protective role in obesity and liver function. Peroral administration
of water, ethanol, and refined n-butanol extracts from its leaves at levels 200, 400, and
800 mg/kg BW/day of (calc. on dry extract) during 30 days resulted in a decrease in
serum triglycerides and cholesterol levels and a decrease in the atherosclerotic index in
animal models [20]. The results also indicate the potential positive effect of this extract
on the cardiovascular system [21]. Some of the pharmacological effects of I. paraguariensis
are associated with a high content of caffeic acid (and its derivatives), flavonoids, and
hydroxylated derivatives of cinnamic acid, which have antioxidant and anti-inflammatory
activities [22]. Among the biological activities of Yerba Mate, it is essential to highlight
its inhibitory effect on the enzymes involved in the initiation and maintenance of the
inflammatory response [23]. Most of the reports concentrate on the positive effects of I.
paraguariensis, but there are also reports on toxic properties of Ilex spp. on human and
animal bodies. Therefore, according to de Andrade et al. [24], administration of acute and
subchronic toxicity of Yerba Mate dose (2 g/kg body weight of Wistars rats) did not change
the macroscopic and histopathological assessment of organs, including liver and kidneys.
However, Kataoka et al. [25] found changes in kidneys after green tea administration
in rats different from our research. They found that polyphenol intake during lactation
by offsprings may play a protective role against a high-fat diet. They also found that
polyphenols’ high content in a low-fat diet is causing inflammation and fibrosis in kidneys.
According to our study, in group feed with polyphenols, increased inflammation in the
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kidney was associated with increased urination. One possible reason for the toxic effect
of polyphenols is the high amounts of chlorogenic acid (CGA) among the polyphenols
groups. Ae-Sim Cho et al. found that chlorogenic acid exhibits anti-obesity property and
improves lipid metabolism in high-fat diet-induced obese mice [26]. Similar conclusions
can be based on Metwally results [27]. This phenomenon’s possible mechanism is that
CGA promotes fatty acid catabolism by regulating the AMPK pathway [28]. This positive
feature of polyphenols in organisms is associated with reducing fat in blood plasma but can
be a reason for kidney damage in a low-fat diet, especially at high doses; such correlation
was noted by Murakami et al. [29]. Furthermore, the concentration of chlorogenic acid
in tea is significantly lower than in Yerba Mate. The following phenolics were detected
and counted previously in several European Ilex species and cultivars [12]: a pattern of
mono- and dicaffeoylquinic acids accompanied by some flavonoids like quercetin 3-O-
rutinoside, kaempferol 3-O-rutinoside, and unspecified quercetin 3-O-hexoside. According
to Zwyrzykowska et al. [12], a sum of chlorogenic acids is comparable between I. paraguar-
iensis and I. meserveae and reaches about 50% of total polyphenols. The differences are
visible in dicaffeoyloquinic acid (40 vs. 11 rel%) and flavonoids (3 vs. 30 rel%). The results
implicate that extracts should be used in pathological conditions but not in healthy animals.
Interestingly, we found that polyphenols have light toxic action on kidneys and induce
inflammation process; however, in both extracts (I. paraguariensis and I. meserveae). only in
I. paraguariensis did we observe lymphocyte infiltration in the kidney stroma.

Plants of the genus Ilex are a rich source of saponins that may have antiproliferative
effects and also exhibit anti-hypercholesterolemic, anti-parasitic, and anti-inflammatory
effects [30,31]. It is possible that saponins, known to be able to induce cholestasis by liver
destruction and act as irritants to the GI (gastrointestinal) tract, may also act synergistically
or facilitate the intestinal absorption of co-administered substances and therefore induce
additional negative effects on the organism. Another study also reports that I. paraguariensis
is characterized by water-soluble polysaccharides, mainly arabinogalactans, which have a
strong protective effect against gastritis [32]. Moreover, Dartora et al. showed in an animal
study that oral administration of rhamnogalacturonan from the leaves of I. paraguariensis
might be a promising adjuvant for sepsis treatment [33].

There is no comprehensive literature about the tested substances’ influence on the
filtration barrier status. Initial histological analysis showed that depending on the diet
used, the extracts from I. paraguariensis and I. meserveae are diuretic, and this is due to the
different mechanisms of action of the individual components of the extracts. The intercellu-
lar content has a significant influence on selective permeability in renal filtration [34]. The
glomerular basement membrane comprises proteoglycans—mainly heparan sulfate—and
proteins—type IV collagen and laminins [5]. Heparan sulfate proteoglycans in the glomeru-
lar basal membrane (HSPGs) are a class of biomolecules with structural and regulatory
functions. They are involved in biological processes such as glomerular filtration, cell
adhesion, migration, proliferation, and differentiation. In response to numerous cytokines,
proteoglycans are degraded by enzymes released by neighboring cells. Therefore, the
content decreases during any inflammation process [35]. In our study, increased infiltration
by leukocytes was noted in groups II, III, and IVa, and sporadically, single cells were found
in other groups. To determine the changes occurring in the glomerulus, morphometric
analysis of the size of the glomerular capsule and the capillary tuft was used, as well as
the content of polysaccharides within the glomerulus. Our results suggest that increased
urogenesis related to the use of Ilex extracts and fractions is associated with a decrease in
proteoglycans content in the capillary tuft.
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5. Conclusions

A standard animal model was used in this study, as well as the cholesterol dose that is
usually used in this type of study. It was shown that the synergistic effect of polyphenols
and terpenoids in a high-cholesterol diet can be used equally to protect the kidney. The
effect of the biologically active compounds used can be determined in the future using
a metabolic model, or an animal model of multifunctional aging. In the animal models
proposed for the future, the compounds used could affect the already occurring changes
in urogenesis, indicating a detrimental or protective effect. The applied dose of active
compounds and friction could also be a limiting factor. However, the dose of extracts was
applied according to the available literature [19].

Saponin fraction from Ilex × meserveae seems to have no influence on kidney status
at the administered concentrations. However, polyphenols and terpenoids present in dry
extracts and the fresh infusions from Ilex × meserveae and Ilex paraguariensis together with
co-extracted substances in a normal diet cause a nephrotoxic effect which is decreased by
a high-cholesterol diet. This synergistic effect can be used equally to protect the kidney
against polyphenols and terpenoids.
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Appendix A

Appendix A.1. Terpenoid Fraction

Appendix A.1.1. Preparation

To 100 g of dry, ground (<0.05 mm) leaves of I. meserveae, 350 mL of chloroform was
added, cold-macerated for 24 h, and evaporated on a rotary evaporator. The residue was
dissolved in 50 mL of hexane and washed three times with 50 mL of a methanol: water mix-
ture (80:20 with 20 μL 2M hydrochloric acid 37%). After centrifugation and evaporation of
hexane extract, the oily green residue was obtained. It was separated on a chromatography
column (Kieselgel 60, 230–400 mesh, Merck) into the waxy- and triacylglycerol fractions
(eluted with hexane:diethyl ether = 80:1) and the expected terpenoids (eluted with the
same solvents in ratio 1:1). After preliminary identification (TLC and GC-MS), it was
concentrated in vacuo to give 0.8 g of a white amorphous substance.

Appendix A.1.2. Analysis

The triterpenoid profile was evaluated using a N,O-bis-(trimethylsilyl)trifluoroacetamide
(BSTFA) derivatization method. GC-MS Shimadzu QP 2020 (Shimadzu, Kyoto, Japan)
was used for identification of constituents. 500 μL of pyridine and 50 μL of BSTFA were
added to the dry sample (approximately 20 mg). The mixture was transferred to a vial and
heated for 25 min at 70 ◦C. The separation was achieved using a Zebron ZB-5 capillary
column (30 m, 0.25 mm, 0.25 μm; Phenomenex, Torrance, CA, USA). GC-MS analysis
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was performed according to the following parameters: scans were performed from 40 to
1050 m/z in electron impact ionization (EI) at 70 eV with a mode of 10 scans per second.
Analyses were performed using helium as a carrier gas at a flow rate of 1.0 mL/min at split
1:20, and the following program: 100 ◦C for 1 min, 2.0 ◦C/min temperature rise from 100
to 190 ◦C; 5 ◦C/min temperature rise from 190 to 300 ◦C. The injector was maintained at
280 ◦C, respectively. Compounds were identified using two different analytical methods
for comparison; retention times with authentic chemical compounds (Supelco C7-C40
Saturated Alkanes Standard) and mass spectra were obtained, with an available library
(Willey NIST 17, fit index above 90%).

All triterpenoids were identified as corresponding trimethylsilylderivatives (TMS).

Table A1. GC-MS profile of triterpenoid fraction of Ilex meserveae.

KI
exp.

KI
lit.

RT
[min]

Compound
Ilex × meserveae

RA [%]

2835 2832 20.65 all-trans-Squalene 0.69
3162 3141 24.93 a-Tocopherol, TMS derivative 2.21
3361 3370 27.78 (3β)-Olean-18-en-3-ol (TMS) tr
3370 3344 27.93 β-Sitosterol (TMS) 7.67
3384 3353 28.16 β-Amyrin (TMS) 9.05
3397 3385 28.37 Germanicol (TMS) 2.69
3420 3406 28.79 α-Amyrin (TMS) 28.97
3427 3435 28.93 Lupeol (TMS) 17.34
3508 3523 30.50 Lupeoyl acetate 0.75
3530 3540 30.99 Uvaol, 2-O-TMS 2.35

3563 3560 31.73 (3α)-Lup-20(29)-ene-3,28-diol
(O,O-bis-TMS) 12.13

3580 3588 32.11 Betulinic acid (O,O-bis-TMS) 1.90
3596 3591 32.46 Oleanolic acid (TMS) 1.00
3643 3657 33.60 Ursolic acid (TMS) 5.22
3650 n.a. 33.75 Maslinic acid * (TMS) 6.54

KI exp.—retention index calculated according to linear n-alkanes; KI lit.—values of retention indices presented
in NIST17 (national institute of standards and technology; Gaithersburg, MD, USA) database; RT—retention
time; *—tentatively identified, only based on the mass spectrum, retention index is missed in the database;
RA—relative area.

Appendix A.2. Saponin Fraction

Appendix A.2.1. Preparation

60 g of lyophilized Ilex × meserveae “Blue Angel” leaves powder was 1-day macerated
at room temperature, two times, each with 600 mL 70% methanol. After that, the extracts
were combined, filtered through a filter paper, and the solution of 30 g lead (II) acetate
trihydrate in 70% methanol (in a total amount of 100 mL) was added to precipitate ballast
substances (e.g., phenolics). The extract was centrifuged at 3000 rpm for 15 min (MPW).
The residue containing complexes of ballast substances was subjected to an experimental
and safe process of its utilization by Paweł Lochyński., Wrocław University of Science and
Technology. The possible residues of lead ions in the saponin-rich fraction were precipitated
with the addition of diluted sulphuric acid, centrifugation, and further neutralization of
the supernatant.

The supernatant was diluted with distilled water to obtain 40% methanol concen-
tration and centrifuged again. Afterward, the second supernatant was applied to a 20 g
octadecyl SPE column (J. T. Baker) in two runs. The saponin enriched fraction was recov-
ered from the SPE bed by a minimal volume of pure methanol. Combined saponin fractions
from SPE were concentrated with a vacuum evaporator (Büchi) at 40 ◦C to dryness, and
the glassy residue was lyophilized.
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One reference Holly (Ilex aquifolium) and two reference Mate (Ilex paraguariensis) were
prepared similarly to I. meserveae saponin fraction (Il.6) on an analytical scale. A measure
of 100 mg of each plant substance was macerated in 2 mL of 70% methanol for 15 min. in
an ultrasonic bath (Bandelin). After that, the solution of 0.05 g lead (II) acetate trihydrate in
70% methanol (in a total amount of 0.5 mL) was added to precipitate ballast substances.
The extracts were further treated as described above.

Appendix A.2.2. UHPLC-ESI-MS Conditions of Analysis of Saponins

The UHPLC Ultimate 3000 apparatus (Thermo Fisher Sci.) consisted of a quater-
nary pump with a vacuum degasser, autosampler, and a thermostated column chamber
combined with an ESI-qTOF Compact detector (Bruker Daltonics).

Separations were achieved on Kinetex C-18 (150 × 2.1 mm, 2.6 μm; Phenomenex) with
a flow rate of 0.3 mL/min and column temperature of 30 ◦C. The elution system consisted
of the following gradient steps of water (A) and acetonitrile (B) with 0.1% addition of formic
acid: 0→1 min. (2→30% B in A), 1→31 min. (30→60% B in A), 31→31.5 min. (60→100% B
in A), 31.5→35.5 min. (100% B in A). The extracts were diluted with acetonitrile/water (1:1,
v/v) to obtain the final concentrations of 0.02 mg per mL; the injection volumes were 5 μL.

The detector worked in negative mode and was calibrated with the TunemixTM (Bruker
Daltonics) with m/z SD below 1 ppm. A calibration segment was at the beginning of every
single run. The mass accuracy of main saponins found in reference Mate extract and verified
with literature was within 3 ppm. The main instrumental parameters were as follows: scan
range 50–2200 m/z, nebulizer pressure 1.5 bar, dry gas—nitrogen—7.0 L/min, temperature
200 ◦C, capillary voltage 2.2 kV, ion energy 5 eV, collision energy 10 eV vs. 30 eV, low mass
set at 200 m/z. The analysis of the obtained mass spectra was carried out using a Data
Analysis (Bruker Daltonics).

Appendix A.2.3. Results of UHPLC-ESI-MS Saponin Profiling

Because no information on saponin profile in I. meserveae was found in the literature,
its saponin profile was compared with commercially available Mate (I. paraguariensis) and
holly (I. aquifolium). With the information that I. meserveae is suspected to be a hybrid of I.
rugosa and I. aquifolium or I. rugosa and I. cornuta, it was expected that similar compounds
as in the mother plant could be found in Il.6.

Comparing saponin profiles of I. meserveae and I. paraguariensis led to the observation
that their pattern in I. meserveae is much less complicated than in commercial Mate, as shown
in Table A2. In this case, compounds 1–4 were of similar relative intensities. Five of them
(3–5, 9, 13) were also found in Mate with different concentrations. The most intensive peaks
belonged to substance 3 (of molecular weight (MW) 1074 Da) and substance 5 (MW 928 Da),
which was found in both Yerba Mate samples on the level of about 10–70% and 9–19% of
the relative area (RA). Substances 1 and 2 were absent in the analyzed Yerba Mate.

As we do not possess reference saponins from Mate, we can speculate (by relative
retention and accurate molecular mass measurements) that peak 18, the most intensive one
in Yerba Mate, could be matesaponin 1 (MW 912 Da), peak 16 or 17 could be matesaponin
2 (MW 1058 Da), peak 3 or 4 could be matesaponin 3 (MW 1074 Da), peak 9 could be
matesaponin 4 (MW 1220 Da), and peak 6 could be matesaponin 5 (MW 1382 Da). Chemical
Abstracts search for substance 1 revealed five isomeric saponins (MW 1236 Da) isolated
from genus Ilex, while for substance 2, six isomeric saponins (MW 1074 Da) isolated from
the genus Ilex. That initial finding showed that isolation and NMR verification of each
structure would be necessary to define the substances precisely if needed. However, some
additional assumptions were made using interpretations included in a paper of Negrin
and co-workers [36].
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Table A2. UHPLC-ESI-MS comparison of main saponin profiles of I. meserveae saponin-rich fraction (Il.6) and reference
commercial Mate samples (Il.1a and Il.1b).

No.

Compound
Number

Reported in [36]

[M–H]−
Measured

[m/z]

Proposed
Formula

Il.1a Il.1b Il.6

RT
[min]

RA
[%]

RT
[min]

RA
[%]

RT
[min]

RA
[%]

1. — 1235.61 C59H96O27 — — — — 6.78 73.40
2. 39 a 1073.56 C53H86O22 — — — — 7.40 70.53
3. 39 a 1073.56 C53H86O22 8.07 60.97 8.03 10.70 8.06 100.00
4. 39 a 1073.56 C53H86O22 8.10 20.01 8.07 5.07 8.10 11.53
5. 40 927.50 C47H76O18 8.24 18.63 8.22 8.24 8.26 99.22
6. 41 1381.68 C65H106O31 8.48 11.11 8.47 2.78 — —
7. 43 1131.56 C55H88O24 8.70 10.70 — — — —
8. 45 1101.55 C54H86O23 8.85 14.20 — — — —
9. 47 1219.61 C59H96O26 9.10 59.09 9.11 9.11 13.99
9a. 48 911.50 C47H76O17 9.17 5.10 — — 9.21 31.68
10. 49 927.50 C47H76O18 9.45 18.28 9.42 8.86 9.45 10.62
11. 56 b 1235.58 C62H92O25 10.13 4.05 — — — —
12. 56 b 1235.58 C62H92O25 10.40 9.40 — — — —
13. 55 1057.56 C53H86O21 10.78 27.96 10.72 11.11 10.82 48.36
14. 56 b 1235.58 C62H92O25 11.08 4.35 — — — —
15. 57 1115.57 C55H88O23 11.23 20.73 11.17 7.61 — —
16. 62 1057.56 C53H86O21 11.85 100.00 11.78 94.64 — —
17. 64 1057.56 C53H86O21 12.09 68.77 12.04 54.22 — —
18. 66 c 911.50 C47H76O17 12.49 93.17 12.44 100.00 — —
19. 66 c 911.50 C47H76O17 12.68 11.98 12.63 7.92 — —
20. 66 c 911.50 C47H76O17 12.91 20.45 12.85 13.00 — —
21. 72 1085.56 C54H86O22 13.63 8.95 13.56 2.80 — —
22. 77 895.51 C47H76O16 14.34 20.19 14.28 18.10 — —
23. 80 895.51 C47H76O16 14.63 6.43 14.55 5.83 — —
24. 83 953.52 C49H78O18 14.86 30.53 14.77 25.58 — —
25. 82 d 1219.59 C59H96O26 16.24 3.25 16.21 3.55 — —
26. 82 d 1219.59 C59H96O26 16.54 2.84 16.53 2.26 — —
27. 108 e 895.51 C47H76O16 20.36 3.68 20.36 4.03 — —
28. 108 e 895.51 C47H76O16 20.50 2.34 20.50 1.83 — —
29. 110 749.45 C41H66O12 22.18 3.33 22.15 3.42 — —

RT—retention time, RA—the relative area of peak, when the area of the largest one is calculated as 100%. The same letters in the column
referring to [36] means the same possible assignments of detected compounds.

Table A3. Database- and MS/MS-based identification of main saponins present in Ilex paraguariensis (Il.1), I. aquifolium (Il.5),
and I. meserveae (Il.6).

Compound Source MS/MS Interpretation Probable Identification

1
Rt = 6.8 min;

calc. [M–H]– = 1235.6061,
err. 0.5 ppm;

neutral formula: C59H96O27

Il.5
Il.6

911 [M–(Hex+Hex)–H]–

765 [M–(Hex+Hex)–dxHex–H]–

749 [M–(Hex+Hex)–Hex–H]–

731 [M–(Hex+Hex)–Hex–18–H]–

603 [M–(Hex+Hex)–Hex–dxHex–H]–

471 [M–(Hex+Hex)–Hex–(dxHex+Pen)–H]–

kudinoside N (SA)

2
Rt = 7.4 min;

calc. [M–H]– = 1073.5538,
err. −0.1 ppm;

neutral formula: C53H86O22

Il.6
749 [M–(Hex+Hex)–H]–

731 [M–(Hex+Hex)–18–H]–

453 [M–(Hex+Hex+18)–(dxHex+Pen)–H]–

latifoloside L (PA)
matesaponin 3 (UA)
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Table A3. Cont.

Compound Source MS/MS Interpretation Probable Identification

3/4
Rt = 8.0 min/8.1 min

calc. [M–H]– = 1073.5538,
err. −0.3 ppm;

neutral formula: C53H86O22

Il.1
Il.5
Il.6

911 [M–Hex–H]–

765 [M–Hex–dxHex–H]–

749 [M–Hex–Hex–H]–

731 [M–Hex–Hex–18–H]–

603 [M–Hex–(Hex+dxHex)–H]–

471 [M–Hex–(Hex+dxHex)–Pen–H]–

latifoloside L (PA)
matesaponin 3 (UA)

5
Rt = 8.3 min;

calc. [M–H]– = 927.4959,
err. 0.2 ppm;

neutral formula: C47H76O18

Il.1
Il.5
Il.6

765 [M–Hex–H]–

603 [M–Hex–Hex–H]–

471 [M–Hex–Hex–Pen–H]–

ilexoside XV (SA)
ilexoside II (PA)

ilekudinoside E (PA)
ilexsaponin B3 (IG-B)

9
Rt = 9.1 min;

calc. [M–H]– = 1219.6117,
err. –0.2 ppm;

neutral formula: C59H96O26

Il.1
Il.5
Il.6

895 [M–(Hex+Hex)–H]–

749 [M–(Hex+Hex)–dxHex–H]–

733 [M–(Hex+Hex)–Hex–H]–

715 [M–(Hex+Hex)–Hex–18–H]–

587 [M–(Hex+Hex)–(Hex+dxHex)–H]–

569 [M–(Hex+Hex)–(Hex+dxHex)–18–H]–

455 [M–(Hex+Hex)–(Hex+dxHex)–Pen–H]–

matesaponin 4 (UA)

13
RT = 10.8 min;

calc. [M–H]– = 1057.5589,
err. 0.1 ppm;

neutral formula: C53H86O21

Il.1
Il.5
Il.6

733 [M–(Hex+Hex)–H]–

587 [M–(Hex+Hex)–dxHex–H]–

455 [M–(Hex+Hex)–dxHex–Pen–H]–

matesaponin 2 (UA)
or isomer

16
RT = 11.85 min;

calc. [M–H]– = 1057.5589,
err. 0.5 ppm;

neutral formula: C53H86O21

Il.1

895 [M–Hex–H]–

749 [M–Hex–dxHex–H]–

733 [M–Hex–Hex–H]–

715 [M–Hex–Hex–18–H]–

587 [M–Hex–(Hex+dxHex)–H]–

569 [M–Hex–(Hex+dxHex)–18–H]–

455 [M–Hex–(Hex+dxHex)–Pen–H]–

matesaponin 2 (UA)
ilekudinoside A (OA)

17
RT = 12.09 min;

calc. [M–H]– = 1057.5589,
err. –0.5 ppm;

neutral formula: C53H86O21

Il.1

895 [M–Hex–H]–

749 [M–Hex–dxHex–H]–

733 [M–Hex–Hex–H]–

715 [M–Hex–Hex–18–H]–

587 [M–Hex–(Hex+dxHex)–H]–

569 [M–Hex–(Hex+dxHex)–18–H]–

455 [M–Hex–Hex–dxHex–Pen–H]–

ilekudinoside A (OA)

18
RT = 12.49 min;

calc. [M–H]– = 911.5010,
err. –1.6 ppm;

neutral formula: C47H76O17

Il.1

749 [M–Hex–H]–

587 [M–Hex–Hex–H]–

569 [M–Hex–Hex–18–H]–

455 [M–Hex–Hex–Pen–H]–

matesaponin 1 (UA)
guaiacin B (OA)

24
RT = 14.86min;

calc. [M–H]– = 953.5115,
err. –1.1 ppm;

neutral formula: C49H78O18

Il.1

749 [M–Hex(Ac)–H]–

731 [M–Hex(Ac)–18–H]–

629 [M–Hex–Hex–H]–

587 [M–Hex(Ac)–Hex–H]–

569 [M–Hex(Ac)–Hex–18–H]–

455 [M–Hex–Hex–Pen–H]–

I. amara saponin (UA), 77-52-1
I. amara saponin (OA),

508-02-1

Probable identification based on (1) saponin database of Aquifoliaceae, (2) MS/MS fragmentation pathway. Aglycones: IG-B—ilexgenin
B, OA—oleanolic acid, PA—pomolic acid, SA—siaresinolic acid, UA—ursolic acid. MS/MS loss of sugar unit: dxHex—deoxyhexose,
Hex—hexose, Hex(Ac)—acetylhexose, Pen—pentose.
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Table A4. The membrane thickness of capillary tuft in rats fed with normal diet. Statistical differences
between all experimental groups; * significant, 0 insignificant.

Group No I II III IV V VI

I - * * * * 0
II * - * * * *
III * * - 0 0 *
IV * * 0 - 0 *
V * * 0 0 - *
VI 0 * * * * -

Table A5. The membrane thickness of capillary tuft in rats fed with high cholesterol diet. Statistical
differences between all experimental groups; * significant, 0 insignificant.

Group No Ia IIa IIIa IV Va VIa

Ia - 0 0 * 0 0
IIa 0 - 0 * 0 0
IIIa 0 0 - * 0 0
IVa * * * - * *
V 0 0 0 * - 0

VIa 0 0 0 * 0 -

Table A6. The capsule’s surface area and capillary tuft in kidneys of animals fed with regular diet.
Statistical differences between all experimental groups; * significant, 0 insignificant.

Group No I II III IV V VI

I - * * * * 0
II * - * * * *
III * * - * 0 *
IV * * * - * *
V * * 0 * - *
VI 0 * * * * -

Table A7. The capsule’s surface area and capillary tuft in kidneys of animals in high cholesterol diet.
Statistical differences between all experimental groups; * significant, 0 insignificant.

Group No Ia IIa IIIa IV Va VIa

Ia - * * * * *
IIa * - 0 * * *
IIIa * 0 - * * *
IVa * * * - 0 *
V * * * 0 - *

VIa * * * * * -

Table A8. The ratio of the capsule surface to the capillary tuft surface in rats fed with regular diet.
Statistical differences between all experimental groups; * significant, 0 insignificant.

Group No I II III IV V VI

I - * * 0 * 0
II * - * * * *
III * * - * * *
IV 0 * * - * 0
V * * * * - 0
VI 0 * * 0 0 -
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Table A9. The ratio of the capsule surface to the capillary tuft surface in rats fed with a high-
cholesterol diet. Statistical differences between all experimental groups; * significant, 0 insignificant.

Group No Ia IIa IIIa IV Va VIa

Ia - * 0 0 * 0
IIa * - * * 0 *
IIIa 0 * - 0 * 0
IVa 0 * 0 - * 0
V * 0 * * - *

VIa 0 * 0 0 * -
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