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Abstract: Chickpea (ICC3761) protein hydrolysates have shown high in vitro
antioxidant activity (AoxA) and antidiabetic potential. The aim of this study
was to evaluate the in vivo activities (i.e., antioxidant, anti-inflammatory, hypo-
glycemic, and anti-hyperglycemic) of chickpea albumin hydrolysates (CAH)
obtained with alcalase and pepsin-pancreatin (fractions ≤ 10 kDa). The CAH
were analyzed for degree of hydrolysis (DH), electrophoretic and chromato-
graphic profiles, and in vitro AoxA (2,2′-azino-bis(3-ethylbenzothiazolin)-6-
sulfonic acid [ABTS], 2,2-diphenyl-1-pycrilhydrazyl [DPPH]). They were also
evaluated for AoxA, anti-inflammatory and hypo- and anti-hyperglycemic activ-
ities in BALB-c mice. The DH was 20% for the alcalase CAH and 50% for the
pepsin-pancreatin CAH, while the AoxA by ABTS (1 mg/mL) was 64.8% and
64.9% and by DPPH (5 mg/mL) was 48.0% and 31.1%. In the in vivo AoxA assay,
mice of non-damaged control and those treated with both CAH showed similar
alkaline phosphatase values, control and pepsin-pancreatin treated groups had
similar malondialdehyde levels, while treated and non-damaged control groups
had higher glutathione levels than the damaged control. Liver histopathology
revealed that the pepsin-pancreatin CAH mitigated most of the pathological
changes associated with the induced oxidative damage. Both CAH (2 mg/ear)
reduced croton oil-induced ear edema in mice. The α-glucosidase inhibition of
CAH (100 mg/mL) was 31.1% (alcalase) and 52.4% (pepsin-pancreatin). Mice
treated with alcalase CAH (100 mg/mL) and glibenclamide exhibited similar
hypoglycemic activities, whereas only those treated with the pepsin-pancreatin
CAH (200 mg/kg body weight) showed anti-hyperglycemic activity. The results
indicate that CAH can be used as a source of bioactive peptides with antioxidant,
anti-inflammatory, hypoglycemic, and anti-hyperglycemic activities.
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1 INTRODUCTION

Chickpea (Cicer arietinum L.) is the third most widely
produced legume worldwide (FAOSTAT, 2022) and an
important source of proteins (15%–30%) for human nutri-
tion. These proteins are also good sources of bioactive
peptides (2–20 residues), typically released by enzy-
matic digestion. The peptides produced have several
health-promoting properties such as antioxidant, anti-
inflammatory, angiotensin converting enzyme (ACE)
inhibitory activity, antitumor and antiproliferative effects,
and potential antidiabetic properties (Acevedo-Martínez
& Gonzalez de Mejia, 2021; Chavez-Ontiveros et al., 2022;
Kou et al., 2013; Quintero-Soto et al., 2021; Xue et al., 2015).
However, the in vivo effects of chickpea hydrolysates have
been demonstrated mainly for the anti-hypertensive activ-
ity in spontaneously hypertensive rats (Chavez-Ontiveros
et al., 2022).
Quintero-Soto et al. (2021) evaluated the antioxidant and

antidiabetic potential of chickpea hydrolysates prepared
with alcalase from the albumin and globulin fractions of
18 genotypes. The peptides derived from the albumin frac-
tion showed the highest antioxidant activity (AoxA; 2,2′-
azino-bis(3-ethylbenzothiazolin)-6-sulfonic acid [ABTS]
and 2,2-diphenyl-1-pycrilhydrazyl [DPPH]) and the great-
est inhibition of enzymes related to diabetes (α-amylase,
α-glucosidase, and dipeptidyl peptidase-4 [DPP4]). In
addition, other chickpea protein hydrolysates obtained
with pepsin-pancreatin and bromelain also showed good
inhibition of DPP4 (Acevedo-Martínez & Gonzalez de
Mejia, 2021). However, the evaluation of the hypoglycemic
activity of protein hydrolysates in vivo has only been
reported for other legumes so far.
Mojica et al. (2017) evaluated the hypoglycemic poten-

tial of a black bean protein hydrolysate obtained using
alcalase. The hydrolysate was administered to healthy
male Wistar rats (50 mg/kg body weight, BW), and it
reduced the postprandial glucose levels. Also, it low-
ered the glucose levels in a hyperglycemic rat model at
doses of 150 and 200 mg/kg BW/day. Furthermore, the
hydrolysate decreased the levels of intracellular reactive
oxygen species and prevented the increase of hepaticmark-
ers. Similar anti-hyperglycemic activities were observed
in normoglycemic Wistar rats treated with alcalase and
pepsin-pancreatin hydrolysates from other common bean
varieties (Nuñez-Aragón et al., 2019; Valencia-Mejía et al.,
2019). Furthermore, a pepsin-pancreatin hydrolysate from
a common bean showed hypoglycemic activity in normal
Institute of Cancer Research (ICR) mice (Valencia-Mejía
et al., 2019).
Inflammation encompasses oxidative stress and is asso-

ciated with health disorders such as diabetes and car-
diovascular diseases. Milan-Noris et al. (2018) demon-

strated the anti-inflammatory potential of chickpea protein
digests (α-amylase-pepsin-pancreatin) in lipopolysaccha-
ride (LPS)-induced RAW264.7 macrophages. The inhi-
bition of nitric oxide (NO) production (Half-maximal
inhibitory concentration, IC50) by the protein digests from
germinated chickpea (2.01 mg/mL) was more effective
than that from cooked samples (3.55 mg/mL). Dehiba et al.
(2021) evaluated the antioxidant and anti-inflammatory
effects of chickpea protein hydrolysates (1 g/kg BW) in
cholesterol-fed rats, which showed reduced serum lev-
els of hydroperoxide, malondialdehyde (MDA), C-reactive
protein, uric acid, and albumin.
The information about the in vivo evaluation of

the potential health-promoting properties of chickpea
hydrolysates is limited. Therefore, the aim of this research
was to evaluate the antioxidant, anti-inflammatory, hypo-
glycemic, and anti-hyperglycemic activities of alcalase and
pepsin-pancreatin chickpea albumin hydrolysates (CAH)
in BALB-c mice.

2 MATERIALS ANDMETHODS

2.1 Biological material

A desi-type black chickpea (C. arietinum L.) genotype
(ICC3761) from the International Crops Research Insti-
tute for the Semi-Arid Tropics was used. It was grown
at the experimental field of the National Institute of
Forestry, Agriculture and Livestock Research in Culiacan,
Sinaloa, Mexico, as described by Chavez-Ontiveros et al.
(2020). Mature seeds were ground (Retsch MM400, Haan,
Germany) and passed through a 60-mesh sieve.

2.2 Animals

BALB-c mice (BIOINVERT SA de CV, Ecatepec de More-
los, Mexico) were used for the in vivo assays. The animals
were housed in acrylic boxes in a temperature-controlled
room (24 ± 1◦C) with 12-h light/dark cycles and had free
access to drinking water and rodent feed (Nutricubes,
Purina, St. Louis, MO, USA). The research was conducted
following the Mexican Official Standard NOM062-ZOO-
1999.

2.3 Extraction and quantification of
albumins

The albumin fraction was extracted according to Ortiz-
Martinez et al. (2017) with modifications in the ratio of
flour/hexane and the extraction time. About 20 g of flour



PEPTIDES WITH ANTIDIABETIC POTENTIAL 3

was first defatted with 400 mL of hexane. The recov-
ered pellet was mixed with 400 mL of sterile deionized
water (H2O,pH 8.0), stirred for 4 h at 20◦C, centrifuged
(15,000 × g, 20 min, 25◦C; 5804R, Eppendorf, Hamburg,
Germany), and the supernatantwas lyophilized (25EL, Vir-
Tis Co., Gardiner, NY, USA). The dried albumin fraction
was washed sequentially withmethanol (200mL) and ace-
tone (200 mL). The concentration was determined using
the bicinchoninic acid assay (Brown et al., 1989).

2.4 Preparation of hydrolysates

2.4.1 Hydrolysis with alcalase

Albumins (1 g) were resuspended in 10 mL of water (pH
8.0) and heated in a water bath at 80◦C for 5 min. The
sample was then cooled down to 50◦C and mixed with the
alcalase enzyme (0.3 AU/g protein; P4860, Sigma-Aldrich,
St. Louis, MO, USA). The hydrolysis was carried out for
180 min at 50◦C while maintaining a constant pH of 8.0
with 5 N sodium hydroxide (NaOH). The sample was incu-
bated at 80◦C for 20 min to inactive the enzyme and then
left to stand at room temperature for 10 min. The sample
was centrifuged (5000 × g, 20 min, 4◦C; 5804R, Eppen-
dorf) and the recovered supernatant was filtered (0.45 µm;
PVDF membrane, HPLC certified, Pall Corp., Port Wash-
ington, NY, USA). Finally, the filtrate was passed through
10 kDa molecular weight (MW) cut-off tubes to remove
non-hydrolyzed protein debris. The recovered filtrate was
lyophilized and stored at −20◦C until further use. The
yield (%) was calculated by dividing the weight of the
hydrolysate by the protein weight and then multiplying by
100. The degree of hydrolysis (DH) was calculated as fol-
lows: DH (%)= (h/htot) 100; where h is the concentration of
amino groups formed during hydrolysis inmmol/ g protein
and htot was assumed to be 7.22 mmol/ g protein according
to Kou et al. (2013) and Adler-Nissen (1979).

2.4.2 Hydrolysis with pepsin-pancreatin

Sequential hydrolysis with pepsin and pancreatin was
performed according to Acevedo-Martínez & Gonzalez
de Mejia (2021) with some modifications. An enzyme-
substrate ratio of 1:20 was used for both pepsin (3200
U/mL; P6887, Sigma-Aldrich) and pancreatin (8 × USP;
P7545, Sigma-Aldrich). First, 1 g of albumin was mixed
with pepsin solution (20 mL of 0.01 M hydrochloric acid
[HCl], pepsin; pH 2) and stirred at 37◦C for 90 min. Sub-
sequently, the pH was adjusted to 8.0 with 1 M NaOH, the
pancreatin solution (7.5 mL phosphate buffer, pancreatin;
pH 8) was added, and the mixture was stirred for 90 min

at 37◦C. The enzymes were inactivated at 80◦C for 20 min,
followed by cooling at room temperature for 10 min. The
sample was centrifuged (5000 × g, 10 min, 4◦C; 5804R,
Eppendorf), and the recovered supernatant was filtered
(0.45 µm). The filtrate was passed through 10 kDa cut-
off tubes, and the recovered filtrate was lyophilized and
stored at −20◦C until further use. The yield and DH were
determined as described in Section 2.4.1.

2.5 Electrophoretic profile

The albumin fraction and hydrolysates were separated
by SDS-PAGE according to Laemmli (1970). The samples
(15 µg) were mixed with a loading buffer and separated
using a 12.5% polyacrylamide gel at 100 V with a SG-170
electrophoresis system (CBS Scientific, San Diego, CA,
USA). The gel was stained with Coomassie Blue R250
(Sigma-Aldrich) and destained with a methanol: water:
acetic acid solution (40:50:10). The image was acquired
with a Chemidoc XRS system (BioRad, Hercules, CA,
USA).

2.6 Peptide profile of hydrolysates

The alcalase and pepsin-pancreatin hydrolysates were
resuspended in HPLC-grade water (pH 8.0; 150 mg/mL).
For analysis, 15 µL of the samples were injected into an
ACCELAUPLC-DAD system (Thermo Scientific, San Jose,
CA, USA) and separated using a Luna C18 column (150 ×
4.6 mm × 5 µm; Phenomenex, Inc, Torrance, CA, USA).
The mobiles phases used were water containing 1% formic
acid (A) and acetonitrile (B) at a flow rate of 0.2 mL/min
with the following gradient: 0–20 min, 95.5%–96% A; 20–
68 min, 96%–80% A; 68–115 min, 80%–52% A; 115–120 min,
52%–100% A. Detection was performed at 257 and 280 nm.
Peptides were identified with an LTQ-XL mass

spectrometer (Thermo Scientific) equipped with an
electrospray ionization source operating in positive mode.
The capillary was set at 35 V and 300◦C. Mass spectra
acquisition (m/z = 50–2000) was carried out with the
Xcalibur 2.1 program (Thermo Scientific). Selected ions
were fragmented by collision-induced dissociation. Data
were analyzed with Proteome Discoverer 1.2 software
using the SEQUEST algorithm and a referenced database
(UNIPROT, C. arietinum proteome, ID: UP000087171).
Cysteine carbamidomethylation and methionine oxi-
dation were selected as variable modifications, while
precursor and fragment mass tolerances were set to
10 ppm and 0.5 Da, respectively. The predicted biological
activities of the identified peptides were explored using
the BIOPEP-UWM database (Minkiewicz et al., 2008).
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They were attributed to the whole peptide or a fragment
thereof.

2.7 In vitro AoxA

The in vitro AoxAwas evaluated using twomethods: ABTS
assay (Re et al., 1999), and DPPH assay (Brand-Williams
et al., 1995). The results were expressed as micromoles
of Trolox equivalents (TE) per gram of hydrolysate (µmol
TE/g H). For the ABTS assay, the hydrolysates were resus-
pended in phosphate-buffered saline (PBS, 1 mg/mL) and
20 µL were mixed with 180 µL of the radical solution (Abs
734 nm = 0.7 ± 0.1) in a 96-well microplate. The mixtures
were allowed to react for 10min at room temperature in the
dark. The change in absorbance at 734 nm with respect to
the reference (PBS) was registered using a Multiskan Sky
microplate reader (Thermo Fisher, Waltham, MA, USA).
In the DPPH assay, a radical solution was prepared in
methanol (100 µM) and 100 µL were mixed with 100 µL of
each hydrolysate (5 mg/mL) in a 96-well microplate. The
mixture was incubated for 30 min at 37◦C and then the
absorbance was measured at 520 nmwith a Multiskan Sky
microplate reader (Thermo Fisher).

2.8 In vivo AoxA

The AoxA was evaluated in 6-week-old male BALB-c mice
(25–30 g). The animals were divided into five groups
(n = 6), and the treatments were assigned as follows:
group A, control receiving physiological saline solution
(SS; 8 mL/kg BW); group B, acetaminophen (APAP) con-
trol receiving SS (8 mL/kg BW); group C, positive control
receiving silymarin (100 mg/kg BW); group D, receiving
alcalase CAH (100 mg/kg BW); and group E, receiving
pepsin-pancreatin CAH (100 mg/kg BW). The doses were
administered intragastrically once daily for 7 days (Papack-
ova et al., 2018). On the seventh day, mice were fasted
for 2 h before administering the last dose. Two hours
later, mice in groups B–E were injected intraperitoneally
with the oxidant APAP (350 mg/kg BW, 300 mg/10 mL
H2Od at 55◦C) to induce liver damage. In contrast, the
non-damaged group (A) received an intraperitoneal injec-
tion of SS (10 mL/kg BW). After the APAP injection, mice
had unrestricted access to water and food. Twenty-four
hours after APAP application, followed by 16 h of fast-
ing, blood samples were collected via cardiac puncture,
and mice were dissected to obtain the liver. The blood was
centrifuged at 4000 × g for 10 min (5804R, Eppendorf).
The recovered serum was collected to measure alkaline
phosphatase using a commercial kit (Pointe Scientific Inc,
Canton, MI, USA) following the manufacturer’s instruc-

tions. The liver was weighed and divided into two parts,
one was placed in 37% formalin for subsequent histopatho-
logical analysis, and the other was frozen at −70◦C to
determine the content of MDA and glutathione (GSH).

2.8.1 MDA content

The concentration of MDAwas determined using a colori-
metric/fluorometric lipid peroxidation assay kit (Catalog
K739-100, BioVision, Waltham, MA, USA). This assay is
based on the reaction of MDA with thiobarbituric acid
(TBA) to form an MDA-TBA adduct that is quantified at
532 nm.
For the analysis, 50 mg of liver tissue was homogenized

in a microtube containing 150 µL of cold MDA lysis buffer
and 1X butylated hydroxitoluene (BHT). The homogenate
was centrifuged (13,000 × g/ 10 min; 5410, Eppendorf),
and the supernatant was recovered. A standard curve
was prepared for quantification using dilutions from 0 to
30 nmol/well. A 100-µL aliquot of supernatant or standard
dilution was mixed with 300 µL of TBA in 1.5 mL tubes
to generate the MDA-TBA adduct. The tubes were incu-
bated at 95◦C for 60 min and then cooled on ice for 10 min.
The mixture was centrifuged (13,000 × g / 3 min), and the
supernatant was recovered. A 100-µL aliquot of each sam-
ple was placed in a 96-well flat-bottommicroplate, and the
absorbance was immediately measured at 532 nm using
a Synergy HTX microplate reader (BioTek, Winooski, VT,
USA). The results were expressed as nanomoles of MDA
per milligram of liver tissue (nmol/mg) and calculated as
follows: MDA (nmol/mg) = (A/mg) * 4 * D, where A is
the amount of MDA (nmol) calculated from the standard
curve, 4 is a correction factor, and D is the dilution factor
if applicable.

2.8.2 GSH content

GSH was quantified using a commercial kit (CS0260-1KT,
Sigma-Aldrich). A liver sample (100 mg) was mixed with
500 µL of 5% sulfosalicylic acid (SSA) and homogenized in
a microtube kept on ice. The sample was maintained cold
for 10 min and centrifuged (10,000 × g, 4◦C, 10 min). The
recovered supernatant was diluted 20 times (1:20) with 5%
SSA. For quantification, a GSH calibration curve was pre-
pared (3.125–100 µM).A 10-µL aliquot of the diluted sample
or standard was mixed with 150 µL of the working mix-
ture (5,5’-dithiobis (2-nitrobenzoic acid) [DTNB] + GSH
reductase+ buffer) and added to amicroplate. Themixture
was allowed to stand for 5 min at room temperature in the
dark, then added with 50 µL of nicotinamide adenine din-
ucleotide phophate (NADPH) and allowed to stand again
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for 5 min at room temperature in the dark. The absorbance
was measured at 412 nm using a Synergy HTX microplate
reader (BioTek). The concentration of GSH concentration
was expressed as nmol GSH/mg liver tissue.

2.8.3 Histopathological analysis

For sample preparation, liver fragments were fixed
in formalin buffered solution: 37% formaldehyde,
100 mL/L; sodium dihydrogen phosphate monohy-
drate (NaH2PO4.H2O), 4 g/L; sodium hydrogen phosphate
(Na2HPO4), 6.5 g/L, pH= 7.4. Tissue samples were cut (0.5
× 2.0 cm), dehydrated, and embedded in kerosene (Para-
plast, Leica Biosystems, Deer Park, IL, USA). Sections with
a thickness of 5–7 µmwere then obtained with an RM2125
RTS microtome (Leica Biosystems). They were placed on
slides and stained with hematoxylin–eosin. For preserva-
tion, the stained samples were sealed with a mounting
medium (Entellan™ new, Merck, Darmstadt, Germany).
The histological observations were performed under a
Primo Star optical microscope (Carl Zeiss, Oberkochen,
Germany) at magnifications of 10X and 40X. Photographs
of representative slides were captured for further analysis.

2.9 In vivo anti-inflammatory activity

The croton oil-induced ear edema method described
by Mayhuasca et al. (2007) with the modifications of
González Guevara et al. (2007) was used. Male BALB-c
mice (28–40 g) were divided into four experimental groups
(n = 6): group I, inflammation control (vehicle); group
II, positive control (indomethacin, 500 µg/ear); groups III
and IV, alcalase and pepsin-pancreatin CAH treatments
(2000 µg/ear), respectively. The irritant, positive control,
and treatments were dissolved in ethanol–water (1:1 v/v).
Each mouse received 20 µL of 5% croton oil and two

applications of 10 µL on each surface (inner and outer)
of the right pinna. The left (untreated) ear received just
the vehicle. After inducing the edema, the positive control
indomethacin (500 µg/ear) and CAH (2000 µg/ear) were
administered topically (10 µL on each surface of the right
pinna). After 4 h, the animals were euthanized by cervi-
cal dislocation, and 6-mm-diameter biopsieswere obtained
from each pinna. The extent of edema was calculated as
the difference in weight between untreated and treated
ears. The results were also expressed as edema-inhibition
percentage with the equation:

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =

[
100 −

(
Group edema treated

Control group

)]
∗ 100.

Based on the edema % inhibition, the anti-inflammatory
effect was classified as moderate (30%−65%) or
good (> 65%; González Guevara et al., 2007).

2.10 Hypoglycemic and
anti-hyperglycemic activity

2.10.1 Inhibition of α-glucosidase

It was determined as described by López-Angulo et al.
(2019). Fifty microliters of CAH (100 mg/mL) and 100 µL
of α-glucosidase solution (1 U/mL) were mixed and incu-
bated for 10 min at 25◦C. The mixture was added with
50 µL of p-nitrophenyl-α-D-glucopyranoside (5 mM) and
incubated for 10 min, followed by measurement of the
absorbance at 405 nm. Acarbose was used as a positive
control (1.5 mg/mL). The results were expressed as per-
cent inhibition and calculated as follows: 100 * [1− (Abs of
sample/Abs of control)]; where the control includes PBS,
enzyme and p-nitrophenyl-α-D-glucopyranoside.

2.10.2 Hypoglycemic activity

It was evaluated in normoglycemic male BALB-c mice
according to Kifle et al. (2020) with some modifications.
Four groups (n= 6) were formed: group I, negative control
(saline); group II, positive control (glibenclamide 10mg/kg
BW); group III, alcalase CAH (100 mg/kg BW); group
IV, pepsin-pancreatin CAH (100 mg/kg BW). The basal
glucose level was measured after 4 h of fasting, and imme-
diately afterward the treatments were administered orally,
followed by measurement of the glucose levels every hour
for 5 h. Blood was obtained by tail puncture and its
glucose level (mg/dL) was measured with a glucometer
(Accu-Chek R© Roche, CDMX, Mexico).

2.10.3 Anti-hyperglycemic activity

The oral glucose tolerance test was performed as described
by Mohamed Sham Shihabudeen et al. (2011) with some
modifications. Four groups (n = 6) of BALB-c mice were
formed: group I, negative control (saline); group II, pos-
itive control (acarbose 10 mg/kg BW); group III, alcalase
CAH (200 mg/kg BW); group IV, pepsin-pancreatin CAH
(200 mg/kg BW). The basal glucose level was measured
after 6 h of fasting, and immediately afterward the treat-
ments were administered orally. Half an hour later, mice
received sucrose (2 g/kg BW), and the glucose levels
were measured after 30, 60, 90, and 120 min. Blood was
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obtained by tail puncture and its glucose level (mg/dL)was
measured with a glucometer (Accu-Chek R©).

2.11 Statistical analysis

All data were expressed as the mean and standard devia-
tion. One-wayANOVAwas used to analyze the antioxidant
and anti-inflammatory activity data using Minitab 19
(Minitab Inc, State College, PA, USA). A repeated mea-
sures ANOVA was used to analyze hypoglycemic and
anti-hyperglycemic activities using Statgraphics Plus 5.1
(StatPoint Technologies, Inc., Warrenton, VA, USA). Mean
comparisons were evaluated using the Fisher’s test (P ≤

0.05).

3 RESULTS AND DISCUSSION

3.1 DH and yield of the hydrolysates

Treatment of the chickpea albumin fraction with alcalase
for 180 min resulted in a DH of 19.95%, while digestion
of this fraction with pepsin-pancreatin achieved a DH of
50.2% (Figure 1a). These differences can be attributed to the
type of enzyme used. Alcalase is an endopeptidase, while
pancreatin is a mixture of endo- and exopeptidases that
cleave hydrophobic and basic amino acids. The DH results
are similar to those reported byXu et al. (2020) for chickpea
proteins hydrolyzed with alcalase (25.1%) and sequentially
with alcalase-flavourzyme (50.2%). In agreement with the
DH results, the yields obtained for the alcalase and pepsin-
pancreatin CAHwere 70.5% and 86.5%, respectively. These
values correspond with the yield obtained for chickpea
sprouted protein treated with alcalase (78%; Wali et al.,
2021)

3.2 Hydrolysates profiles

The SDS-PAGE analysis of the albumin fraction and its
hydrolysates is shown in Figure 1b. The albumins exhibited
several bands with a MW ranging from about 9 to 100 kDa
(lane 2). This profile is similar to that reported byClemente
et al. (2000), who identified the low MW proteins (10 and
12 kDa) and the band of 23 kDa as albumins,while the band
with the highest MW (92 kDa) may correspond to lipoxy-
genase (Figure 1b). Alcalase efficiently hydrolyzed the high
MW proteins resulting in a continuous range of fragments
from about 7 to 20 kDa (lane 3). Pepsin-pancreatin gener-
ated abundant fragments in the range of 10 to 13 kDa (lane
5). However, the hydrolysates filtered with 10 kDa cut-off
tubes did not show visible protein bands (lanes 4 and 6).

F IGURE 1 Degree of hydrolysis (DH) and electrophoretic
profile of chickpea albumin hydrolysates (CAH). (a) DH (%) of
alcalase CAH and pepsin-pancreatin CAH. (b) SDS-PAGE analysis
of the albumin fraction and its hydrolysates. Lane 1, MWmarker
(kDa); lane 2, albumin fraction; lane 3, alcalase CAH; lane 4,
alcalase CAH (≤ 10 kDa), lane 5, pepsin-pancreatin CAH; lane 6,
pepsin-pancreatin CAH (≤ 10 kDa).

Xu et al. (2020) reported similar results for a chickpea
alcalase hydrolysate.
The UPLC analysis showed 27 peaks for alcalase CAH

and 28 for pepsin-pancreatin CAH (Figure S1). Each
peak comprised multiple peptides, identifying in total 541
peptides in the alcalase CAH and 609 peptides in the
pepsin-pancreatin CAH (Table S1). The differences in the
number of peptides identified in the CAH were consistent
with theDH (Figure 1).Most of the peptides identified have
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TABLE 1 In vitro antioxidant activity of chickpea albumin hydrolysates (CAH) obtained using alcalase and pepsin-pancreatin.

Hydrolysate ABTS % Inhibition (µmol ET/g H) DPPH % Inhibition (μmol ET/g H)
Alcalase 64.8 ± 0.07a (173.3 ± 0.21) 48.0 ± 1.64a (24.9 ± 0.88)
Pepsin-pancreatin 64.9 ± 0.44a (173.7 ± 1.18) 31.1 ± 0.90b (15.0 ± 0.48)

Note: Hydrolysates were evaluated at 1 and 5 mg soluble protein/mL by ABTS and DPPH, respectively. Different letters in the same column indicate significant
differences by the Fisher’s test (p ≤0.05). LSD ABTS = 0.72 (1.93) and LSD DPPH = 2.29 (1.23).
Abbreviations: ABTS, 2,2′-azino-bis(3-ethylbenzothiazolin)-6-sulfonic acid; DPPH, 2,2-diphenyl-1-pycrilhydrazyl.

important predicted biological activities, highlighting the
inhibitory activity against ACE and DPP4 (Table S1).

3.3 In vitro AoxA

The AoxA by ABTS of both CAH was not significantly dif-
ferent (Table 1), even though the pepsin-pancreatin CAH
showed a higher DH. However, the AoxA by DPPH was
significantly higher in the alcalaseCAH (48.0%), compared
with the pepsin-pancreatinCAH (31.1%; Table 1). The num-
ber of lowMWpeptideswith proton donor/acceptor amino
acids (e.g., Lys) in the alcalase CAH was higher than in
the pepsin-pancreatin CAH (Table S1), favoring its DPPH
radical scavenging activity. The AoxA values obtained for
ABTS were higher than those reported by Quintero-Soto
et al. (2021; 41.5%, alcalase) and Sánchez-Chino et al. (2018;
24.8%, pepsin-pancreatin). On the contrary, the DPPH val-
ues were lower than those reported by Quintero-Soto et al.
(2021) and Kou et al. (2013). The variations in AoxA could
be attributed to differences in the protein extraction meth-
ods, the genotype, or the growing conditions. These results
demonstrate that the use of enzymes with different sites
of action can generate a variety of peptides with different
activities, which may act alone or synergistically.

3.4 In vivo AoxA

The alkaline phosphatase activity was similar amongmice
in the non-damaged (control), silymarin, and both CAH
groups; these activity values were significantly lower than
those observed in mice from the damaged group (APAP; p
≤ 0.05; Figure 2a). Mice treated only with APAP showed
significantly higher activity values than the control group
(p ≤ 0.05), indicating liver damage caused by APAP. These
results agree with those reported by Kawakami et al.
(2017a), who evaluated the protective effects of a sake
lees hydrolysate against paracetamol-induced hepatotoxi-
city in ICR mice treated orally for seven days. In addition,
Athira et al. (2013) investigated the protective effect of
whey protein hydrolysate against hepato-nephrotoxicity
induced by paracetamol (300 mg/kg BW) in mice, where
the hydrolysate prevented the increase of hepatic markers,

including alkaline phosphatase. Based on these results,
the CAH prepared with alcalase and pepsin-pancreatin
in the present study showed hepatoprotective properties
and may have potential applications in the prevention and
treatment of oxidative stress-related diseases.
The hepatic MDA levels in mice treated with the

pepsin-pancreatin CAH were similar to those treated with
silymarin and the non-damaged control group. The MDA
values of these three groups were significantly lower than
that of the damaged group (APAP; p ≤ 0.05). However,
mice treated with the alcalase CAH did not show signifi-
cant differences in MDA content, compared to the APAP
group (Figure 2b). MDA is an end product of lipid peroxi-
dation and awell-knownbiomarker of oxidative stress. The
results obtained with the pepsin-pancretin CAH are com-
parable to those reported using whey protein hydrolysates
in mice (Athira et al., 2013); the authors observed a sig-
nificant increase of MDA levels in the group treated with
paracetamol, compared to the control group, while the
group treated with the hydrolysate showed a decrease in
the MDA content to normal levels. Dehiba et al. (2021)
showed that a chickpea protein hydrolysate (1 g/kg BW)
reduced the serum MDA levels in cholesterol-fed rats and
provided protection against oxidative stress.
In the case of GSH, mice in the treated (silymarin and

both CAH) and control groups had significantly higher
values than those in the damaged group (APAP; p ≤

0.05; Figure 2c). Moreover, mice treated with the pepsin-
pancreatin CAH and the reference drug silymarin showed
higher GSH levels than those in the non-damaged con-
trol group. APAP-induced hepatotoxicity in rodents and
humans is mediated by its reactive metabolite N-acetyl-
p-benzoquinone imine (NAPQI). GSH forms adduct with
APAP and contribute to the elimination of NAPQI, play-
ing a crucial role in the antioxidant defense system and
the prevention of APAP hepatotoxicity (Du et al., 2016;
Vairetti et al., 2021). Kawakami et al. (2017a, 2017b) eval-
uated the effect of peptides from sake lees and rice on
acetaminophen-induced hepatotoxicity in ICR mice. The
animals were treated orally with the peptides (100 or
500 mg/kg BW) for 7 days and then injected intraperi-
toneally with acetaminophen (700 mg/kg BW) to induce
hepatotoxicity. Pretreatment with the hydrolysates signif-
icantly restored the GSH levels reduced by the APAP
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F IGURE 2 Effect of oral administration of CAH on serum
alkaline phosphatase levels (a) and liver content of the oxidative
stress markers malondialdehyde (MDA) (b) and glutathione (GSH)
(c) in BALB-c mice with induced acute hepatotoxic damage.
Treatments with alcalase CAH and pepsin-pancreatin CAH
(100 mg/kg) were administered for 7 days. Liver damage was
induced with N-acetyl-p-aminophenol (APAP) (350 mg/kg).

(Continues)

F IGURE 2 (Continued)
Non-damaged group (control). The results are expressed as the
mean ± SD (n = 6). Different letters indicate significant differences
between treatments by the Fisher’s test (p ≤ 0.05). LSD AP = 49.6,
LSD MDA = 0.05, LSD GSH = 0.90.

treatment. Therefore, the treatment of mice with alcalase
and pepsin-pancreatin CAH protected the liver from GSH
depletion (Figure 2c).
Based on the above results, the evaluated CAHs could

act as detoxifying agents by increasing the intracellular
antioxidant potential orGSHavailability in the liver, which
is important for protecting or treating hepatic injury. The
antioxidant potential of the CAHs could be related to the
number, molecular size, and amino acid composition of
the peptides. The AoxA of the peptides appears to increase
in the presence of hydrophobic amino acid residues such
as valine or leucine at the amino-terminal end, as well as
proline, histidine, tryptophan, tyrosine, methionine, and
cysteine in their sequences (Karami & Akbari-Adergani,
2019). The different effects observed with the CAHmay be
associated with the number of peptides and the frequency
of amino acids with potential AoxA: alcalase (541 peptides;
Phe = 100, His = 32, Trp = 22, Pro = 161) and pepsin-
pancreatin (609 peptides; Phe = 128, His = 56, Trp = 41,
Pro = 191; Table S1).

3.5 Histopathological evaluation

The liver histology of mice in the control group showed
normal structures, including the central vein, hepatocytes,
and sinusoids (Figure 3a,b). In contrast, severe structural
changes were observed in the liver of the damaged group,
characterized by the loose arrangement of hepatocytes,
blood extravasation, necrosis, and damage to centrilobu-
lar cells with active inflammation (Figure 3c,d). The group
treated with silymarin did not show relevant changes
in liver structure (Figure 3e,f), while mice treated with
the alcalase CAH showed less damage than those treated
with APAP, exhibiting moderate centrilobular cell damage
with inflammatory cell infiltration and blood extravasa-
tion (Figure 3g,h). Mice treated with pepsin-pancreatin
CAH showed fewer pathological changes than the alcalase
CAH-treated group, but the normal histological structure
of the liver was not completely preserved (Figure 3i,j).
These results correspond to those reported for hydrolysates
from sake lees and rice (Kawakami et al., 2017a, 2017b),
where the liver histological examinations of control and
hydrolysate-treated mice showed normal lobular archi-
tecture and cellular structure. In contrast, APAP-treated
mice (control damage) exhibited extensive areas of hepatic
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F IGURE 3 Effect of oral administration of CAH on liver
morphology of BALB-c mice with acute acetaminophen-induced
hepatotoxic damage (APAP) at 350 mg/kg (hematoxylin and eosin
staining). Non-damaged control group (a and b), damaged group (c
and d), silymarin group (e and f), alcalase group (g and h),
pepsin-pancreatin group (i and j). CV, central vein; H, hepatocytes;
S, sinusoids; circle, necrosis; triangle, blood extravasation; rectangle,
inflammatory infiltrate.

TABLE 2 Anti-inflammatory activity of CAH in croton
oil-induced mice ear edema.

Treatment Edema (mg) Inhibition (%)
Control 11.16 ± 1.27a 0.00 ± 0.00d

Indomethacin
(500 µg/ear)

0.92 ± 0.41d 91.76 ± 3.72a

Alcalase CAH
(2000 µg/ear)

3.56 ± 0.29c 68.10 ± 2.58b

Pepsin-pancreatin
CAH (2000 µg/ear)

7.32 ± 1.15b 34.40 ± 10.28c

Note: The results are expressed as the mean ± SD (n = 6). Different letters in
the same column indicate significant differences by the Fisher’s test (p≤ 0.05).
LSD Edema = 1.19 and LSD Inhibition = 7.53.

portal inflammation and hepatocellular necrosis, aswell as
amoderate increase in inflammatory cell infiltration.How-
ever, pretreatment with the hydrolysates mitigated these
pathological changes. The results indicate that the CAH
provided protection against APAP-induced liver injury.

3.6 In vivo anti-inflammatory activity

The treatment with alcalase and pepsin-pancreatatin CAH
reduced the inflammation in mice ears (Table 2). The
anti-inflammatory effect was good with the alcalase CAH
(68.1%) andmoderate with pepsin-pancreatin CAH (34.4%;
González Guevara et al., 2007).
The inflammation caused by croton oil is mainly due to

the irritant 12-O-tetradecanoylphorbol-13-acetate, which
activates protein kinase C that stimulates the release of
proinflammatory cytokines and other mediators such as
phospholipase and arachidonic acid. These mechanisms
lead to increased vascular permeability, vasodilation, and
swelling due to the release of histamine and serotonin, fol-
lowed by the synthesis of leukotrienes and prostaglandins.
Therefore, anti-inflammatory drugs or supplements that
inhibit these mechanisms effectively suppress croton oil-
induced ear edema (Sangchart et al., 2021).
Clementi et al. (1995) evaluated the anti-inflammatory

activity of two peptides (amylin and calcytokinin gene-
related peptide [CGRP]) on croton oil-induced mouse ear
edema. CGRP showed 68% inhibition of ear edema at
0.02 µg/ear andwasmore potent than amylin which exhib-
ited 62% inhibition at a higher concentration (10 µg/ear).

3.7 Inhibition of α-glucosidase activity

Alcalase CAH (100 mg/mL) and pepsin-pancreatin CAH
(100 mg/mL) showed 31.1% and 52.4% inhibition of
the α-glucosidase activity, respectively. Acevedo-Martínez
& Gonzalez de Mejia (2021) reported lower inhibition
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F IGURE 4 Hypoglycemic effect of CAH (100 mg/kg body
weight [BW]) obtained with alcalase and pepsin-pancreatin in
normoglycemic mice. Glibenclamide was used as a positive control
(10 mg/kg BW). Data are expressed as the mean ± standard error
(n = 6). *Indicates significant difference with respect to the negative
control (Fisher, p ≤ 0.05). LSD = 13.13.

values (1%–17%) of α-glucosidase for pepsin-pancreatin
hydrolysates (10 mg/mL) derived from five chickpea
varieties. Also, the percent inhibition of α-glucosidase
obtained for the alcalase hydrolysate was lower than
the 43.8% reported previously by Quintero-Soto et al.
(2021). These discrepancies could be attributed to vari-
ations in protein extraction methodology, growing con-
ditions, and the genotype. Nevertheless, the results sug-
gested the potential α-glucosidase inhibitory activity of
the hydrolysates in vivo, so their hypoglycemic and anti-
hyperglycemic activity was evaluated in vivo in BALB-c
mice.

3.8 Hypoglycemic activity

The basal glucose levels of the experimental groups
(122 ± 12.3 mg/dL) were within the reported normal range
(75 – 128 mg/dL; Santos et al., 2016). The glucose concen-
tration in normoglycemic BALB-c mice treated with both
alcalase CAH and pepsin-pancreatin CAH (100 mg/kg
BW) showed a gradual decrease, reaching similar values to
those obtained with the control group treated with gliben-
clamide (10 mg/kg BW; Figure 4). The alcalase CAH was
more effective in reducing the glucose levels, showing a
significantly lower concentration than the control group
2 h after the dose administration and a similar value to
that obtained with glibenclamide (Figure 4). This con-
trast with the hypoglycemic peak observed in animals 1 h
after insulin administration, where the recovery of the
basal glucose levels is slow (Valencia-Mejía et al., 2019).
The hypoglycemic pattern observed in mice treated with
CAH was similar to that of normoglycemic Wistar rats
treated with bean protein hydrolysates (Valencia-Mejía
et al., 2019). These results suggest that the CAH improved

F IGURE 5 Anti-hyperglycemic effect of CAH (200 mg/kg BW)
obtained with alcalase and pepsin-pancreatin in normoglycemic
mice after sucrose administration. Acarbose was used as a positive
control (10 mg/kg BW). Data are expressed as the mean ± standard
error (n = 6). *Indicates significant difference with respect to the
negative control (Fisher, p ≤ 0.05). LSD = 26.74.

the ability of the tissues to absorb or metabolize glu-
cose without inducing a hypoglycemic peak. Both CAHs
may share a common hypoglycemic mechanism associ-
ated with increased insulin release or enhancement of
the insulin signaling cascade. The hypoglycemic effect of
the CAHs could involve the phosphatidylinositol-3-kinase
(PI3K) pathway, the main mechanism used by insulin
to regulate glucose and lipid metabolism. In addition,
the adenosine monophosphate-dependent protein kinase
(AMPK) pathway improves glucose uptake by increasing
GLUT4 expression and its translocation to the membrane
in skeletal muscle, therefore the AMPK pathway is also
relevant for the prevention and treatment of diabetes
(Coughlan et al., 2014; Gutiérrez-Rodelo et al., 2017). How-
ever, additional biochemical and molecular studies are
required to elucidate the specific pathways involved in the
hypoglycemic effect of the CAH.

3.9 Anti-hyperglycemic activity

The basal glucose levels of the experimental groups
(108± 28.8 mg/dL) were within the reported normal range
(75–128 mg/Dl; Santos et al., 2016). Normoglycemic mice
treated with pepsin-pancreatin CAH and acarbose showed
a similar anti-hyperglycemic pattern, significantly reduc-
ing the hyperglycemic peak observed 30 min after sucrose
loading (Figure 5). At this time point, the average increase
in glucose levels was 143.5% for the control group, which
was similar (p > 0.05) to that observed for the alcalase
CAH group (149.2%). In contrast, the increase in glucose
levels was significantly (p ≤ 0.05) reduced in the pepsin-
pancreatin CAH group (51.1%), and this value was lower
than that obtained with the positive control acarbose at
10 mg/kg (76.5%; Figure 5). The alcalase CAH did not
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show an anti-hyperglycemic activity since the glucose vari-
ation pattern in the treated mice over time was similar to
that of the control group (Figure 5). On the other hand,
the pepsin-pancreatin CAH showed anti-hyperglycemic
activity, suggesting its potential use as an antidiabetic
agent.
The glucose tolerance test mimics blood glucose levels

in a postprandial state and provides valuable information
on anti-hyperglycemic activity. The results of this study
are in agreement with those obtained by Valencia-Mejía
et al. (2019), who used pepsin-pancreatin hydrolysates
from beans in the oral starch tolerance test in Wistar rats.
The authors demonstrated that the fractions evaluated
showed similar or even better results than the positive con-
trol acarbose. Also, Nuñez-Aragón et al. (2019) evaluated
the effect of six hydrolysates and six< 1 kDa fractions from
Phaseolus lunatus, P. vulgaris, and Mucuna pruriens on
the postprandial hyperglycemia in Wistar rats. Most treat-
ments that showed significant activity were obtained using
the pepsin-pancreatin hydrolysis system (five out of seven),
whereas the alcalase-flavourzyme system produced only
two active treatments. This difference can be attributed
to the fact that pepsin-pancreatin hydrolysis simulates
gastric digestion, and the active peptides obtained are
retained after oral administration and absorbed by the
epithelial cells in the small intestine. The results of the
present study could be explained in the same way since
pepsin-pancreatin CAH showed anti-hyperglycemic activ-
ity, while alcalase CAH did not. Additionally, the higher
glucosidase inhibition obtained for the pepsin-pancreatin
hydrolysate is consistent with its anti-hyperglycemic activ-
ity and may partially explain its mechanism of action.

4 CONCLUSION

Chickpea albumins treated with alcalase and pepsin-
pancreatin exhibited strong inhibitory activity against
ABTS and DPPH radicals, as well as hepatoprotective
effects, indicating their potential as antioxidants to control
the oxidative stress. The hydrolysates also showed anti-
inflammatory activity in croton-induced mouse edema,
suggesting their potential to reduce inflammation. Fur-
thermore, both hydrolysates showed hypoglycemic activ-
ity in vivo, but only the pepsin-pancreatin hydrolysate
reduced the postprandial hyperglycemia, indicating its
potential for the treatment of diabetes. Nevertheless, fur-
ther studies using diabetic animal models are necessary
to confirm and better understand the therapeutic effects
of these hydrolysates in managing diabetes. Additionally,
investigating the underlying mechanisms of action would
provide valuable insights into how these hydrolysates exert
their beneficial effects. Overall, the demonstrated in vivo

activities of chickpea hydrolysates suggest their potential
use in treating chronic diseases associated with oxidative
stress and inflammation.
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