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Milk is a nutritionally important source of bioactive peptides with anti‐inflammatory,

immunomodulatory, anticancer, and antioxidant properties. These compounds can be

useful as ingredients of functional food. For this reason, in the last decades, bioactive

peptides attracted the interest of researchers and food companies. In this work, the

results obtained with six milk‐derived bioactive peptides (Y‐4‐R, V‐6‐R, V‐7‐K, A‐

10‐F, R‐10‐M, and H‐9‐M) synthesized and studied for their antioxidant properties

in vitro and in a cellular model, are reported. These molecules correspond to peptide

fragments derived from parent compounds able to cross the apical membrane of

Caco‐2 cell layer and released in the basolateral compartment. In vitro, antioxidant

tests such as 2,2′‐azino‐bis(3‐ethylbenzothiazoline‐6‐sulphonic acid) (ABTS) and

crocin bleaching showed antioxidant activity mainly for peptides Y‐4‐R and V‐6‐R,

respectively. In Caco‐2 cells, peptides V‐6‐R, H‐9‐R, Y‐4‐R, and particularly R‐10‐M

and V‐7‐K are able to prevent the decrease of viability due to oxidative stress. The

latter peptide is also the most effective in protecting cells from lipid peroxidation.

In conclusion, the reported hydrolyzed peptides are shown to exert the antioxidant

properties both in vitro and in a cellular modelQ4 .Q5

KEYWORDS

bioactive peptide, antioxidant, cellular model, lipid peroxidation

1 | INTRODUCTION

NowadaysQ6 , cryptic bioactive peptides are gaining increasing interest,

as they show anti‐inflammatory, immunomodulatory, anticancer, and

antioxidant properties.1,2 In particular, milk proteins are an important

source of bioactive peptides deriving by proteolysis of proteins in

which these peptides are small portions of the primary structure and

are inactive before proteolysis.3-5

In a previous work, it was shown that some bioactive peptides

derived from milk proteins are able to preserve cell viability of Caco‐

2 cells, preventing alterations depending on oxidative stress induced

by hydrogen peroxide (H2O2) or tert‐butylhydroperoxide (TbOOH).6

In particular, they prevent the decrease of total thiols and glutathione

and protect the antioxidant enzymes thioredoxin reductase and gluta-

thione reductase. These effects are associated to a marked decrease

of radical oxygen species (ROS) production induced by TbOOH.6

Caco‐2 cells are a suitable model, largely utilized to mimic the

intestinal absorption.5 In fact, this cell line spontaneously differentiate

after about 21 days, acquiring the structural and functional

Abbreviations: ABAP, 2‐(2‐Amino‐2‐imino‐1,1‐dimethyl‐ethyl)azo‐2‐methyl‐propanamidine;

ABTS, 2,2′‐azino‐bis(3‐ethylbenzothiazoline‐6‐sulphonic acid); DPPH, 2,2‐diphenyl‐1‐

picrylhydrazyl; H2O2, hydrogen peroxide; MDA, malondialdehyde; MTT, 3‐(4,5‐

dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide; PTA, phosphotungstic acid; ROS,

radical oxygen species; RT, room temperature; TbOOH, tert‐butylhydroperoxide; TEAC,

Trolox C equivalent antioxidant capacity
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characteristics that enterocytes express in vivo.5 For this purpose,

cells were cultured onTranswell inserts in order to obtain a monolayer

where the apical and basolateral compartments are defined.6 Gener-

ally, when peptides cross, the cell monolayer can undergo a proteolytic

process or are subjected to other cellular modifications.

Peptides under study were found in the basolateral compartment

after the treatment of Caco‐2 cells with the four peptides, N‐6‐R

(NPYVPR), A‐7‐R (AVPYPQR), K‐8‐K (KVLPVPEK), and A‐11‐M

(ARHPHPHLSFM).6 Consequently, because of the action of cellular

and extracellular peptidases, several fragments derived from the par-

ent peptides were detected by high‐performance liquid chromatogra-

phy (HPLC) and mass spectrometry (MS) analysis both in the apical

and basolateral compartment.6 In particular, N‐6‐R and K‐8‐K gave

rise to major single derivatives, Y‐4‐R (YVPR) and V‐7‐K (VLPVPEK),

respectively. Furthermore, V‐6‐R (VPYPQR) was obtained from A‐7‐

R, while the longer peptide A‐11‐M produced several fragments,

including A‐10‐F (ARHPHPHLSF), R‐10‐M (RHPHPHLSFM), and H‐

9‐M (HPHPHLSFM).6

In the present paper, we have examined the antioxidant properties

of the more relevant peptide fragments obtained from the four parent

compounds, ie, Y‐4‐R, V‐6‐R, V‐7‐K, A‐10‐F, R‐10‐M, and H‐9‐M.

These products might have a physiological relevance since crossing

the intestinal barrier could be distributed to various organs and tis-

sues. Considering the relevance of oxidative stress for cell functioning,

their antioxidant properties were evaluated. To this purpose, the rec-

ognized peptides were synthesized and examined both in vitro and

in a cellular model. In Chart C11 and Table T11, the characteristics of the

studied peptides were depicted. The amino acid type and sequence

are crucial in oxygen radical scavenging capacity and in particular

hydrophobicity of amino acid within sequences have been considered

as a key factor in peptide ability to scavenge radicals.7

2 | MATERIALS AND METHODS

2.1 | Peptide synthesis

Y‐4‐R, V‐6‐R, V‐7‐K, A‐10‐F, R‐10‐M, and H‐9‐M were synthesized

by solid‐phase technique using a fully automated peptide synthesizer

(Syro II, MultiSynTech GmbH, Witten, Germany). The peptide chain

was assembled stepwise on Wang resin preloaded with the first

N‐α‐Fmoc‐protected amino acid. The Fmoc standard strategy8 was

CHART 1 ▪▪▪
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used throughout the peptide chain assembly, utilizing HATU as cou-

pling reagent.9 The side‐chain protected amino acid building blocks

were Fmoc‐Glu (OtBu)‐OH, Fmoc‐Asn (Trt)‐OH, Fmoc‐His (Trt)‐OH,

Fmoc‐Ser (tBu)‐OH, Fmoc‐Lys (Boc)‐OH, and Fmoc‐Arg (Pbf)‐OH.

Final peptides were deprotected and cleaved from the resin with a

mixture containing 82.5% trifluoroacetic acid (TFA), 5% H2O, 5%

thioanisole, 5% phenol, and 2.5% 1,2‐ethanedithiol for 2.5 hours with

shaking at room temperature (RT). The resin was removed by vacuum

filtration, the obtained peptides were precipitated with cold diethyl

ether and then pelleted by centrifugation. The precipitated peptides

were washed twice with cold diethyl ether. Crude peptides were puri-

fied by flash chromatography (SP1, BiotageQ7 ) on a Biotage SNAP Ultra

C18 12 g cartridge packed with Biotage HP‐Sphere C18 25 μm spher-

ical silica. Molecular masses of the peptides were confirmed by mass

spectroscopy on a MALDI TOF/TOF instrument (ABI 4800, AB Sciex,

Framingham, Massachusetts).

2.2 | Analysis of antioxidant activity of the peptides
with the ABTS and DPPH scavenging assay

To determine the antioxidant capacity of the peptides (0.05 mg/mL and

0.1 mg/mL), 2,2′‐azino‐bis(3‐ethylbenzothiazoline‐6‐sulphonic acid)

(ABTS) and 2,2‐diphenyl‐1‐picrylhydrazyl (DPPH) assays were

used.10,11 ABTS•+ was generated by reacting 7mM ABTS with potas-

sium persulfate (2.46mM final concentration) and the mixture was

maintained for 18 hours before use at RT in the dark. Briefly, peptide

solutions at various concentrations were diluted in water to reach

0.1 mL of final volume and then treated with 0.1 mL of 0.08mM

ABTS•+ or 160 μM DPPH. The decrease in absorbance was measured

at 415 or 517 nm, respectively, with a Tecan plate reader (Tecan Infi-

nite® M200 PRO, Männedorf, Switzerland). For ABTS assay, a calibra-

tion curve was performed withTrolox C, and the results are expressed

asTrolox C equivalent antioxidant capacity (TEAC). For theDPPH assay,

the percentage of antioxidant activity inhibition was calculated as

%DPPH scavenging ¼ Abscontrol − Abssample

� �
= Abscontrolð Þ × 100:

2.3 | Crocin bleaching test

Crocin was prepared from saffron following the procedure of Friend

and Meyer,12 and its concentration in methanol was estimated using

an ɛM = 1.33x105 M−1 sec−1 at 440 nm. The crocin bleaching test

was carried out at 40°C in 0.2 M phosphate buffer (pH 7.0), in the

presence of 12 μM crocin and 5mM 2‐(2‐Amino‐2‐imino‐1,1‐

dimethyl‐ethyl)azo‐2‐methyl‐propanamidine (ABAP). The antioxidant

bioactive peptides were added at increasing concentrations starting

from 2.5 μM.13,14 The rate of crocin bleaching was followed spectro-

photometrically as decrease of absorbance at 440 nm. Bleaching rates

were plotted according to the equation v0/v = 1 + ka[A]/kc[C], where

v0 and v are the bleaching rate of crocin in the absence and in the

presence of the antioxidant, respectively. [A] is the concentration of

the antioxidant and [C] is the concentration of crocin. ka and kc corre-

spond to the rate constants for the reaction of the peroxyl radical with

the antioxidant and the crocin. The plot results in a straight line

intersecting the ordinate at unit and whose slope is the ratio of the

rate constants ka/kc indicating the relative capacity of different antiox-

idant bioactive peptides to interact with the peroxyl radical.

2.4 | Caco‐2 cell culture

Caco‐2 cells (human colon‐rectal adenocarcinoma) were cultured in

Dulbecco's modified Eagle medium (DMEM) supplemented with 10%

fetal bovine serum (FBS), 10 000 units/mL of penicillin and 1 mg/mL

of streptomycin, at 37°C in humidified atmosphere containing 5%

CO2. The cells used in this study were between 35 and 60 passages.

2.5 | MTT proliferation assay

The action of the bioactive peptides on cell viability and prevention of

oxidative stress induced by TbOOH were evaluated using the 3‐(4,5‐

dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay.15

Cells (104) were seeded in a 96‐well plate and incubated for 48 h in

complete medium. The peptides, previously dissolved in water, were

diluted in complete medium at the final concentration of 0.05 mg/

mL and 0.1 mL of this solution were added to Caco‐2 cells. After

2 h, cells were treated with 100 μM TbOOH. After 24 h of incubation

the medium was removed and 0.1 mL of MTT solution (0.5 mg/mL) in

PBS Q81X were added to the cells. Then, the plate was placed in the dark

at 37°C and 5% of CO2 for 3 hours. The MTT solution was gently

removed and replaced with 0.1 mL of stop solution (90% isopropanol

and 10% dimethyl sulfoxide). After 15 minutes at 37°C, the absor-

bance at 565 nm and 690 nm using aTecan plate reader was recorded.

2.6 | Lipid peroxidation assay16

Cells (4.5 × 105) were seeded in a 6‐well plate. After 48 h, cells were

treated with peptides (0.05 mg/mL) and placed at 37°C and 5% CO2.

After 2 hours, 250 μM TbOOH was added to the cells. After 24 hours,

medium was removed and cells were washed with 1 mL of PBS 1X.

Next, cells were disrupted with 1 mL of 0.1 N sulfuric acid and

0.15 mL of 10% phosphotungstic acid (PTA), and incubated for

10 minutes at RT followed by centrifugation at 15 600 g for

10 minutes. At the end, the supernatant was removed and the pellet

TABLE 1 Physicochemical properties of the six peptides

Number of

Residues

Amino Acid

Sequence

Molecular Weight

(g/Mol) pI

R‐10‐M 10 RHPHPHLSFM 1258.46 10.55

A‐10‐F 10 ARHPHPHLSF 1198.34 10.91

H‐9‐M 9 HPHPHLSFM 1102.27 7.81

V‐6‐R 6 VPYPQR 758.86 9.81

Y‐4‐R 4 YVPR 533.62 9.57

V‐7‐K 7 VLPVPEK 780.95 6.82
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was resuspended in 1 mL of 0.1 N H2SO4 and 0.15 mL of 10% PTA.

After 5 minutes of incubation at RT, samples were centrifuged as

described above. The supernatant was removed and the dried pellet

was dissolved in 0.35% NONIDET, 0.014% butylated hydroxytoluene

(BHT), and 0.23% thiobarbituric acid, in a final volume of 0.25 mL.

Therefore, samples were incubated at 95°C for 60 minutes. Then, they

were cooled in ice for 5 minutes and centrifuged at 15 600 g for

10 minutes. The supernatants were treated with 0.4 mL of n‐butanol,

vigorously mixed and centrifuged at 15 600 g for 15 minutes. The

fluorescence of the upper phase, in which malondialdehyde (MDA) is

present, was analyzed at 530 nm (Ex) and at 590 nm (Em) using a

Tecan plate reader.

2.7 | Statistical analysis

The values are the mean ± SD of at least three independent experi-

ments. The analysis of variance was performed by multiple comparison

test with Tukey‐Kramer method and the differences with P < 0.05

were considered significant. For this purpose, the software GraphPad

InStat 3 was used.

2.8 | Bioinformatic tools

Physical and chemical properties of the peptides were evaluated with

PepCalc.com prediction tool.17 The primary structure of analyzed

compounds was obtained using PepDraw.18

3 | RESULTS AND DISCUSSION

3.1 | Antioxidant activity of peptides estimated with
the ABTS and DPPH scavenging assays

Evaluation of the antioxidant effects in vitro of the peptides of inter-

est was based on ABTS and DPPH scavenging assays. Peptides, at

the concentrations of 0.05 mg/mL or 0.1 mg/mL, were used to carry

on the two tests. As reported in FigureF1 1A and 1B, some peptides

displayed antioxidant capacity with the two methods used. In particu-

lar, V‐6‐R showed a noticeable activity in both ABTS and DPPH

assays. Specifically, V‐6‐R, at the lower concentration (0.05 mg/mL),

showed values of 1.73 TEAC in ABTS scavenging and about 17%

DPPH radical‐scavenging activity (TableT2 2 and TableT3 3). Also, other

peptides such asY‐4‐R and, in part, H‐9‐M exhibited antioxidant prop-

erties. In Tables 2 and 3, TEAC and DPPH scavenging values are

reported in detail, considering the two concentrations of each peptide.

3.2 | Crocin bleaching test

As a complement of the previous estimation and in order to evaluate

the peroxyl radical scavenging capacity of the peptides, crocin

bleaching test was carried out. When peptides were added to the

solution containing the diazocompound ABAP, they competed with

FIGURE 1 Peptide antioxidant activity with 2,2′‐azino‐bis(3‐
ethylbenzothianol‐6‐sulphonic acid) (ABTS) and 2,2‐diphenyl‐1‐
picrylhydrazyl (DPPH) scavenging assays. A, Spectrophotometric
estimation at 415 nm of ABTS scavenging activity in the presence of
0.1 mg/mL of peptides after 10 minutes of incubation. B, Evaluation of
antioxidant activity of 0.1 mg/mL peptides with DPPH scavenging test
at 517 nm after 60 minutes of incubation. Means of at least three
experiments were compared with the control (eight replicates for each

experiment) (*** p < 0.001, ** p < 0.01, * p < 0.05)

TABLE 2 ABTS radical scavenging: Values of TEAC of the peptides

Peptides Concentration (mg/mL) TEAC

R‐10‐M 0.05 n.d.

0.10 n.d.

A‐10‐F 0.05 n.d.

0.10 n.d.

H‐9‐M 0.05 n.d.

0.10 n.d.

V‐6‐R 0.05 1.73 ± 0.20

0.10 1.68 ± 0.25

Y‐4‐R 0.05 0.37 ± 0.15

0.10 0.41 ± 0.16

V‐7‐K 0.05 n.d.

0.10 n.d.

Abbreviations: ABTS, 2,2′‐azino‐bis(3‐ethylbenzothiazoline‐6‐sulphonic
acid); TEAC, Trolox C equivalent antioxidant capacity.The values indicated

as n.d. refers to peptides totally inactive or with TEAC ≤0.2.
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the latter in intercepting the peroxyl radicals produced by thermal

decomposition of ABAP.

Therefore, crocin bleaches at decreasing rates according to the

efficiency of the antioxidant. As reference for the antioxidant capacity,

Trolox C was chosen, since it is considered one of the most active

agent in reacting with crocin. As reported in FigureF2 2, the most effec-

tive peptide, Y‐4‐R, is about 15 times less active than Trolox C and R‐

10‐M and V‐6‐R were slightly active in inhibiting the crocin bleaching

(see the inserted graph of Figure 2), while the other peptides were

completely ineffective. As apparent in TableT4 4, the values of ka/kc that

correspond to the relative capacity of different antioxidant molecules

to interact with the peroxyl radical showed that, as free radical

scavenger, the peptides were far less effective than Trolox C, indicat-

ing that their antioxidant action has been referred solely to the inter-

ception of free radical species. Overall, the in vitro antioxidant action,

although small, has to be referred essentially to the tyrosine‐

containing peptides, Y‐4‐R and V‐6‐R.

3.3 | Effect of the peptides on cell viability and
protection from oxidative stress

Following the in vitro results, peptide actions were evaluated in a cel-

lular model. The effect on cell viability was evaluated by the MTT test

in Caco‐2 cells treated with the six peptides (0.05 mg/mL) for 24 hours.

First, as reported in Figure F33, all the tested peptides were not cyto-

toxic, and in some cases, the viability increased particularly with pep-

tide V‐7‐K. Therefore, we analyzed the capability of these peptides

to protect from oxidative stress induced by 100 μM TbOOH in the

same type of cells. Thus, Caco‐2 cells were incubated for 2 hours with

the indicated peptides (0.05 mg/mL) and then the oxidizing agent was

added. All peptides, except A‐10‐F, were able to reduce the decrease

of viability due to oxidative stress (Figure 3), and, in particular, R‐10‐M

and V‐7‐K exhibited a significant effect in recovering cell viability by

about 8%, in comparison with cells treated with TbOOH alone.

3.4 | Lipid peroxidation

In order to define the antioxidant action of the peptides in Caco‐2

cells, lipid peroxidation was estimated. Cells were pretreated in the

presence of the peptides for 24 hours, and then, MDA formation

was evaluated as reported in Figure F44. In basal conditions, peptides

A‐10‐F and V‐6‐R were able to reduce the level of the lipid peroxida-

tion. However, while peptides R‐10 M, Y‐4‐R and V‐7‐K were ineffec-

tive, peptide H‐9‐M determined a moderate increase of MDA

formation with respect to the control. As expected, treatment of

Caco‐2 cells with 250 μM TbOOH, caused an increase of lipid perox-

idation. In these conditions, peptides A‐10‐F, V‐6‐R, and V‐7‐K were

TABLE 3 Values of DPPH scavenging of the reported peptides

Peptides Concentration (mg/mL) DPPH scavenging (%)

R‐10‐M 0.05 n.d.

0.10 3.23 ± 0.42

A‐10‐F 0.05 1.17 ± 0.21

0.10 1.76 ± 0.44

H‐9‐M 0.05 n.d.

0.10 6.51 ± 2.62

V‐6‐R 0.05 16.99 ± 4.16

0.10 7.22 ± 4.71

Y‐4‐R 0.05 n.d.

0.10 7.27 ± 2.51

V‐7‐K 0.05 1.91 ± 0.38

0.10 5.14 ± 0.79

Abbreviation: DPPH, 2,2‐diphenyl‐1‐picrylhydrazyl.The values indicated as

n.d. refers to peptides totally inactive or with DPPH scavenging ≤1.

FIGURE 2 Peptide antioxidant activity measured with the crocin
bleaching test. The competition plot of crocin and antioxidants for
hydroperoxyl radicals derived from 2‐(2‐Amino‐2‐imino‐1,1‐dimethyl‐
ethyl)azo‐2‐methyl‐propanamidine (ABAP) thermal decomposition is
reported. In the diagram, the ratio of the reaction velocities (v0/v) is
linear with the ratio of the concentrations of antioxidant and crocin
([a]/[C]), and the slope gives the ratio of the velocity constants (ka/kc)
deriving from the interaction with hydroperoxyl radicals of antioxidant
and crocin, respectively (see also materials and methods).
Consequently, from the ratio ka/kc, the relative capacity to interact
with hydroperoxyl radicals by different antioxidant molecules can be
evaluated

TABLE 4 Rate constant ratio (ka/kc) of reaction of peroxyl redical
with antioxidant peptides or crocin

Peptides ka/kc

R‐10‐M 0.029 ± 0.011

A‐10‐F n.d.

H‐9‐M n.d.

V‐6‐R 0.014 ± 0.035

Y‐4‐R 0.040 ± 0.016

V‐7‐K n.d.

Trolox 0.657 ± 0.009

The reported values, taken from Figure 2, indicate the relative capacity to

interact with the peroxyl radical of the different antioxidant bioactive pep-

tides. ka and kc are the rate constants of the reaction of the peroxyl radical

with the antioxidant and crocin, respectively. The ratio ka/kc indicated as n.

d. refers to peptides totally inactive or with ka/kc ratios ≤0.01.
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able to protect against oxidative stress by lowering MDA formation.

Peptides R‐10‐M and Y‐4‐R were essentially ineffective while H‐9‐

M again showed an increase of the oxidative damage. On the whole,

peptide V‐7‐K appeared as the most effective in inhibiting TbOOH‐

stimulated lipid peroxidation and in increasing viability both in the

absence and presence of the peroxide. Of note, the same peptide is

inactive in the in vitro free radical scavenging tests (Figure 1,

Figure 2, Tables 2–4) where the most effective are the peptides Y‐4‐

R and V‐6‐R indicating potentially different mechanisms of action.

4 | CONCLUSIONS

Several characteristics, described to explain the antioxidant action of

peptides, are based on the properties of the single amino acids such

as acid/basic character, hydrophobicity, aromaticity, and hydrogen

donating capacity.7,19-22 In addition, also the molecular mass of the

amino acids and their sequence in the peptide are relevant in this

respect. Considering the latter feature, we have examined if the

removal of specific amino acids by cellular and extracellular peptidases

may influence their antioxidant properties. From the reported results,

it is apparent that some peptides retain the antioxidant properties pre-

viously observed in the parent compounds.6 In fact, the removal of

specific amino acids operated by the cell peptidases may be critical

for their properties as, in general, in a large protein, the character of

a specific amino acid is less relevant to total protein properties than

in a small peptide where the presence or lack of a single defined amino

acid can markedly change the characteristics of the entire molecule.

The action of the synthesized peptides as antioxidant agents is

different when comparing the in vitro results with those obtained in

a cell environment. In the first conditions (in vitro) some peptides

(Y‐4‐R, V‐6‐R, and R‐10‐M) showed some direct antioxidant activity

as free radical scavengers; while in the cells peptides, V‐7‐K and A‐

10‐F exhibited a fair protection against the oxidative stress. Although,

there is not a strict correlation between the two mechanism of action,

this may be explained by a pleiotropic effect of the peptides such as

the activation of signaling pathways that regulate the response to oxi-

dative stress. For example, V‐6‐R, which showed a good protection

against oxidative stress in vitro, is moderately able to recover Caco‐

2 cells from peroxide‐induced stress. Furthermore in cells, peptide

V‐7‐K, displays a selective action, incrementing cell viability in the

presence of TbOOH and decrementing MDA formation in the same

conditions. Peptide V‐7‐K derives from K‐8‐K, a peptide stemming

from bovine β‐casein and previously observed to markedly reduce

ROS formation.6 This peptide is now the object of further studies

addressed to estimate its effect in some specific cellular signaling

pathways. Therefore, also, V‐7‐K that was generated by cell diges-

tion,6 is worth of further investigation, since the antioxidant capacity

is still present in this fragment, as apparent from the results reported

in the present paper.
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