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Popular scientific summary

» This study may provide a theoretical basis for the development of the cholesterol-lowering functional
food market.

* HTSGY, AVFK and ALPM could be completely transported across Caco-2 cell monolayers.

* HTSGY, AVFK and ALPM are unreported peptide sequences with cholesterol-lowering activity.

* Peptides HTSGY, AVFK, ALPM could be potential hypocholesterolemic agents with resistance to
digestive enzymes.

Abstract

Background: The increasing morbidity and mortality of cardiovascular disease have become a major factor
in human death. Serum cholesterol is considered to be an important risk factor for inducing coronary heart
disease, atherosclerosis and other cardiovascular diseases. To screen intestinal absorbable functional small
peptides with cholesterol-lowering activity by enzymatic hydrolysis of whey protein and develop cholester-
ol-based functional food that may become a substitute for chemically synthesized drugs, providing new ideas
for diseases caused by high cholesterol.

Objective: This study aimed to evaluate the cholesterol-lowering activity of intestinal absorbable whey pro-
tein-derived peptides hydrolyzed by alkaline protease, trypsin and chymotrypsin, respectively.

Method: The whey protein hydrolysates acquired by enzymatic hydrolysis under optimal conditions were puri-
fied by a hollow fiber ultrafiltration membrane with a molecular weight cutoft of 10 kDa. The fractions
obtained by Sephadex G-10 gel filtration chromatography were transported through a Caco-2 cell mono-
layer. The transported peptides were detected in the basolateral aspect of Caco-2 cell monolayers using ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS).

Results: His-Thr-Ser-Gly-Tyr (HTSGY), Ala-Val-Phe-Lys (AVFK) and Ala-Leu-Pro-Met (ALPM) were unre-
ported peptides with cholesterol-lowering activity. The cholesterol-lowering activities of the three peptides did
not change significantly during simulated gastrointestinal digestion.

Conclusion: This study not only provides theoretical support for the development of bioactive peptides that
can be directly absorbed by the human body, but also provides new treatment ideas for hypercholesterolemia.
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therosclerosis, hypertension, and especially
Ahypercholesterolemia caused by excessive cho-

lesterol levels have significant negative effects
on human health (1, 2). In recent years, high cholesterol
disease has been treated through a combination of med-
ication and dietary restrictions (3, 4). However, studies
have demonstrated that the most commonly used choles-
terol-lowering medicine causes adverse side effects (5-7).
Nonetheless, many types of foods contain bioactive pep-
tides that decrease serum cholesterol levels without side
effects (8). Therefore, bioactive peptides have received
increasing attention in reducing serum cholesterol levels.
For instance, novel bovine casein-derived peptides could
reduce cholesterol content by inhibiting the solubility of
micellar cholesterol (9). Leu-Pro-Tyr-Pro-Arg (LPYPR)
derived from soy peptides can be regarded as hypolipid-
emic functional peptide (10).

Currently, there are many studies on the effects of
food-derived cholesterol-lowering peptides derived from
soy and casein on serum cholesterol levels in animals
or humans, while few studies on whey protein-derived
cholesterol-lowering peptides. Nevertheless, whey pro-
tein-derived bioactive peptides have the potential of great
research value (11-13). Baba et al. reported that new
hypocholesterolemic bioactive peptides could be obtained
by hydrolysis of camel whey protein (14). Morikawa
et al. explored that lactostatin (a polypeptide prepared
from p-lactoglobulin) has cholesterol-lowering activity
while increasing CYP7A llevels and mRNA expression in
mouse hepatocytes (15).

Nevertheless, one of the biggest challenges in develop-
ing whey protein peptides as functional food ingredients
is to demonstrate the in vivo efficacy of the bioactive com-
ponents. The potential utility of whey protein peptides
depends on the ability to reach target organs after oral
administration. Since peptide absorption occurs mainly
in the small intestinal epithelium, a key factor affecting
the bioactivity of bioactive peptides is their transport
through the intestinal epithelium. Human colon adeno-
carcinoma cells line Caco-2 that exhibit the morphologi-
cal and functional properties of mature enterocytes after
differentiation has been utilized to predict the intesti-
nal absorption of active ingredients (16-19). Ding et al.
established a Caco-2 cell monolayer model to analyze the
transport of ACE inhibitory peptide Thr-Asn-Gly-Ile-Ile-
Arg (TNGIIR) in the small intestine and the mechanism
of intestinal absorption (20). The GI digestive enzymes
are another influencing factor for the function of bioac-
tive peptides in the human body (21). To further explore
whey protein cholesterol-lowering peptides resistant to
gastrointestinal digestion, it is necessary to understand
their stability in the gastrointestinal tract. Ruiz et al.
demonstrated that the activity of most peptides found
in Manchego cheese did not change drastically, except for
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the peptide Thr-GIn-Pro-Lys-Thr-Asn-Ala-Ile-Pro-Tyr
(TQPKTNAIPY) from as-2 casein, which exhibited a sig-
nificant increase in activity after simulated digestion (22).
Obviously, bioactive peptides in natural foods have differ-
ent roles during gastrointestinal digestion. Accordingly,
it would be more meaningful to establish a Caco-2 cell
monolayer model and simulate the changes of bioactive
peptide fractions in the gastrointestinal tract.

The purpose of the present project was to obtain
intestinal absorbable whey protein-derived peptides with
cholesterol-lowering activity. Firstly, whey protein hydro-
lysates were purified by a hollow fiber ultrafiltration
membrane and Sephadex G-10 gel filtration chromatog-
raphy. Secondly, the purified samples were transported
through Caco-2 cells to obtain absorbed peptides, which
were identified with UPLC-MS. Furthermore, the pep-
tide sequences that may have cholesterol-lowering activity
are synthesized and investigated for in vitro cholesterol-
lowering activity. Finally, a two-stage in vitro digestion
model system was used to simulate the human gastroin-
testinal digestion process.

Materials and methods

Materials

Whey protein concentrate powder was purchased from
Hilmar Cheese Company (WPC-80, 90%; Suzhou, China).
Alkaline protease, pepsin, trypsin, and chymotrypsin
were acquired from Nanjing Odofoni Biotechnology Co.,
Ltd. (Nanjing, China). The Sephadex G-10 gel column
was purchased from Amersham Pharmacia Biotech
(1.0 x40 cm, Uppsala, Sweden). Acetonitrile of chromato-
graphic grade was obtained from Honeywell International
(Morristown, NJ, USA). Trifluoroacetic acid (TFA) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).
The Caco-2 human colorectal adenocarcinoma cell line
was bought from the Institute of Biochemistry and Cell
Biology (CAS; Shanghai, China). Transwell Permeable
Supports, Cell culture medium, Dulbecco’s modified
Eagle’s medium (DMEM), and trypsin were purchased
from Hyclone Laboratories (Logan, UT). Hanks’ bal-
anced salt solution (HBSS) was obtained from Gibco
Invitrogen (Burlington, Canada). Alkaline phosphatase
(AKP) assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The peptides His-Thr-Ser-Gly-
Tyr (HTSGY), Ala-Val-Phe-Lys (AVFK) and Ala-Leu-
Pro-Met (ALPM) with a purity of 90% were synthesized
by Shanghai Peptide Co. (Shanghai, China).

Production of whey protein hydrolysates

Whey protein powder was completely dissolved in deion-
ized water to obtain a 6% (W/V) whey protein solution
and heated at a constant temperature of 65°C for 15 min.
After complete dissolution, the pH was adjusted to 8.5,
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8.0 and 7.5, respectively. When the temperature dropped
to the reaction temperatures, alkaline protease, trypsin,
and chymotrypsin were added to the whey protein solu-
tion and incubated, respectively. The pH was adjusted by
continuously adding 0.1 M NaOH solution to maintain
the above optimal pH value. Furthermore, the consump-
tion of NaOH concentration is recorded, which can be
used to calculate the degree of hydrolysis (DH) according
to the literature (23). After the hydrolysis, the whey pro-
tein hydrolysates were boiled for 20 min to denature the
enzymes. The whey protein hydrolysate supernatant was
collected by centrifugation (7000 Xg, 10 min) and ana-
lyzed for peptide concentration according to the biuret
reaction assay (24).

Purification and identification of whey protein peptides

Whey protein hydrolysates were purified using hollow fiber
ultrafiltration membranes to cut off peptides liquid under
10 kDa. The initial ultrafiltration membrane pressure was
0.15 Mpa with the flow rate of 5-10 mL/min. The frac-
tions below 10 kDa were purified using a Sephadex G-10
column (25). The whey protein hydrolysate was applied to
a Sephadex G-10 column equilibrated with distilled water.
Peptides were eluted with distilled water at a flow rate of
3.5 mL/min. Elution curves were obtained by measuring
absorbance at 220 nm. Fractions were collected at 2 min
intervals. Fractions were combined and concentrated
by lyophilization, which was stored at -20°C for further
analysis.

Establishment of Caco-2 cell monolayer model

Caco-2 cells were cultured in a high-glucose DMEM
medium containing 10% fetal bovine serum and 1% pen-
icillin-streptomycin mixture at 37°C, 5% CO,. Caco-2
cells were seeded in Transwell Permeable Supports (1.12
cm?, 0.4 um pore size, Corning, NY, USA) at 2 x 10°
cells/cm?. A 0.5 mL of Caco-2 suspension was added in
the Apical Side (AP) compartment of 12-well polycar-
bonate Transwell plates and 1.5 mL DMEM complete
medium were seeded in the basal lateral (BL) com-
partment. After seeding, cells were cultured under the
same conditions with medium changes every other day
for 1 week and then daily thereafter until a monolayer
formed.

The transepithelial resistance (TEER) value was deter-
mined using a Millicell ERS-2 Voltohmmeter (Millipore,
Bedford, MA). Cell permeability was measured in three
parallels. On days 3, 10, 15 and 21 days, AKP, which
is the hallmark membrane-bound glycoprotein of the
brush-border cells of the intestinal epithelium when cells
begin to differentiate, was measured using a commercial
AKP assay kit (5). The volume was 0.5 mL sodium fluo-
rescein (0.5 g/L) on the AP side, 1.5 mL HANKS (pH 7.4)
was added on the BL side, and the absorbance on the BL
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side was measured at excitation 485 nm — emission 535 nm
to evaluate the integrity of the Caco-2 monolayer (26).

Transportation and identification of whey peptides in the Caco-2
cell monolayers

The Caco-2 cell monolayers model cultured in Transwell
plate was washed twice with HANKS (pH 7.4) after
formation, which was incubated with HANKS buf-
fer (pH 7.4) for 30 min in a 37°C, 5% CO, incubator.
The whey protein-derived peptides fraction from the
Sephadex G-10 column separation was adjusted to 10
mg/mL using HANKS buffer (pH 7.4) and added to the
AP chamber, and 1.5 mL of HANKS buffer (pH 7.4)
was added to the BL side. After 1 h of incubation, the
solution was removed from the BL wells and filtered
through a 0.22 pm water filter. The BL solution was
collected and analyzed using UPLC-MS. The molec-
ular mass of peptides was determined using a Waters
MALDI-Q-TOF MS (matrix-assisted laser desorption/
ionization quadrupole-time-of-flight mass spectrometer,
Waters Corporation, Manchester, UK). The MS/MS
amino acid sequence was carried out by GPMAW soft-
ware and Masslynx software.

Bioinformatics prediction of synthetic peptides

The resistance of transit peptides to digestion was ana-
lyzed using the program ExPASy peptide cutter (https://
web.expasy.org/peptide cutter/). Prediction of peptide
hydrophobicity with ProtScale (https://web.expasy.org/
cgibin/protscale/protscale.pl#openne wwindow). All pep-
tides were screened for bioactive peptides through the
MBPDB database (http://mbpdb.nws.oregonstate.edu/).

Peptide synthesis and cholesterol-lowering activity assay

The cholesterol-lowering activity was measured using
synthesized peptides (AVFK, ALPM, and HTSGY) of
approximately 90% purity. The solubility of micellar cho-
lesterol was measured after the addition of 1 mg/mL of
each peptide fraction to an in vitro prepared intestinal
micelle suspension with reference to the method of Jiang
et al. with some modifications (9). Sodium phosphate
buffer at pH 7.4 containing 2 mmol/L cholesterol and 5
mmol/L linoleic acids was mixed with 135 mmol/L NaCl
and 10 mmol/L sodium taurocholate. The suspension
was ultrasonicated twice for 2 min at 95% energy output
(100 W) using a Misonix 3000 ultrasonicator (Misonix,
New York, NY) to form homogeneous micelles. The super-
natant fraction was filtered through a 0.22-um Millex-GP
filter (Millipore, Bedford, MA). The supernatant fractions
(50 uL) were collected, and the cholesterolconcentrations
of supernatant was measured the absorbance at 510
nm according to Total Cholesterol (T-CHO)Assay Kit
(Nanjing Jiancheng Institute of BiologicalEngineering,
Nanjing, China). Each experiment was performed in
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triplicate and cholesterol concentrations and cholester-
ol-lowering effect were calculated according to formulae
[1] and [2], respectively.

_ 0D, -0D,
OD; -ODy,

Concentration of cholesterol [ mr;lol]

. . mmol
concentration of calibrator )
( ! 1]
where OD is the absorbance of the blank measured
by optical density, OD, is the absorbance of the standard
and OD, is the absorbance of the sample:

Inhibition of micellar cholesterol

2]

Co-C
solubility (%) = %x 100%
0

where C is the cholesterol concentration of the original
micelles and C, is the cholesterol concentration after the
addition of the peptide fraction.

Simulation of Gl digestion

In vitro digestion simulations were performed using a slight
modification of the two-stage hydrolysis method published
by Ruiz (22). Hydrolysates were prepared from an aqueous
solution of the synthetic peptides (AVFK, ALPM, and
HTSGY) (10 mg/mL). The peptides were first hydrolyzed
with NaCl and pepsin (1:60000, 3400 units/mg) (enzyme:
substrate ratio of 1:50 w/w) at 37°C, pH 2.0 for 90 min, and
then the pH was adjusted to 7.0 using NaOH 1 M and the
sample was hydrolyzed with Corolase PP® (enzyme: sub-
strate ratio of 1:25 w/w) at 37°C. Corolase PP® is a proteo-
lytic enzyme preparation from the porcine pancreas that
contains a variety of amino and carboxy peptidase activ-
ities in addition to trypsin and chymotrypsin. Hydrolysis
was carried out in a constant temperature water bath with
constant stirring. The reaction was quenched by heating in
a water bath at 95°C for 10 min. Each sample was stored
at -20°C until further analysis.

High-performance liquid chromatography analysis and
bioavailability determination

High-performance liquid chromatography (HPLC) analy-
sis of undigested samples and digests was performed using
an Agilent 1100 high-performance liquid chromatograph
equipped with an HPLC column (Agilent ZOREAX
300 SB-C18, 4.6 x 250 mm, 5 um, Agilent Technologies,
USA). The mobile phase consisted of 0.05% TFA aque-
ous solution (A) and 0.05% TFA acetonitrile solution
(B). The detection wavelength was 214 nm and the col-
umn temperature was set at 30°C. The elution of the col-
umn was completed at a constant flow rate of 1 mL/min
with the following gradient from 0 to 5 min using 5% B,
increasing to 25% B at 15 min, and then remaining at 25%
B until 20 min.
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The bioavailability of the peptides was determined by
peak area contents according to the HPLC profiles. The
peptide content of the fractions and their digests were
manifested by the peak areas.

peak area of the peptide

_ remaining after GI digestion

Bioavailability (%) = x 100%

3]

Effects of AVFK, ALPM, and HTSGY on cholesterol absorption in
Caco-2 cells in vitro

initial peptide peak area

Caco-2 cells were digested, centrifuged and counted
at a final concentration of 5.0 x 10* cells/well. A
100 puL of the cell suspension was inoculated into
96-well plates and incubated at 37° in a 5% CO,
incubator for 24 h. The original culture medium was
discarded and five different concentrations (0, 0.5,
1.0, 1.5, and 2 mg/mL)of synthetic peptides (AVFK,
ALPM, and HTSGY) were added. The cell viability
was determined according to the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay of Jiang et al. (9).

Different concentrations (0, 0.5, 1.0, 1.5 and 2 mg/
mL) of AVFK, ALPM and HTSGY were dissolved in
sterile PBS and then sterilized using a 0.22 ym microp-
orous filter. The cultured cells were washed three times
with PBS solution. A 900 pL of cholesterol solution and
100 puL of different concentrations of AVFK, ALPM
and HTSGY solutions were added to the AP side and
1.5 mL of DMEM culture solution to the BL side; 1 mL
of cholesterol solution was added to the AP side of the
blank control group. After 24 h of incubation at 37°C
and 5% CO,, the solution in the wells was discarded and
washed three times with 1 mL of PBS solution. Caco-2
cells were digested with trypsin and the cell pellet was col-
lected by centrifugation at 1,000 X g for 10 min at 4°C.
Caco-2 cell pellets were washed twice with 0.1 mol/L
phosphate buffer (pH 7.2) and centrifuged at 1,000 X g
for 10 min at 4°C. Cells were resuspended in 0.3 mL of
0.1 mol/L phosphate buffer (pH 7.2) and sonicated inanice-
water bath (300 W, 5 s each at 30 s intervals, repeated five
times). Absorbance was measured at 510 nm according
to the total cholesterol kit (Nanjing Jiancheng Institute
of Biological Engineering, Nanjing, China) and the cho-
lesterol content of the cells was calculated according to
equation (1).

Statistical tests

The data analysis was performed with Prism 6.0
(GraphPad) and one-way ANOVA (SPSS Statistics 20)
followed by Dunnett’s test. Statistical results were pre-
sented as mean * standard deviation (X = SD, n = 3).
Differences were considered significant at P < 0.05.
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Fig. 1. Plot of the degree of whey protein hydrolysis and peptide concentration. (a—c) represent the effects of alkaline protease,
trypsin and chymotrypsin on whey protein hydrolysis degree and peptide concentration.

Results and discussion

Preparation and purification of whey protein peptides
The optimal hydrolysis conditions were evaluated by
measuring peptide content and the DH value during
hydrolysis of whey protein by three proteases. As
shown in Fig. 1, peptide concentration and DH value
increased in the first 3 h and then tended to be stable
with the increase of enzymatic hydrolysis. The peptide
concentration and DH value of whey protein-derived
peptides hydrolysate by alkaline protease were much
higher than those of peptides hydrolyzed by trypsin
and chymotrypsin. Probably because trypsin is the
specific protease, which can only selectively hydrolyze
peptide bonds composed of carboxyl groups of Lys
(K) or Arg (R) in proteins. Chymotrypsin is a stron-
ger hydrolyzer than trypsin, which acts mainly on the
carboxyl groups of Tyr (Y), Trp (W) and Phe (F) (27).
However, the main component of alkaline protease is a
serine protease that cleaves a wide range of hydropho-
bic amino acids terminating in Ile (I), Leu (L) and Val
(V) (28). Our results showed that the cleavage site of
the protease affects peptide concentration and the DH
value of hydrolysate.

Different whey protein-derived peptides hydrolyzed
by alkaline protease, trypsin and chymotrypsin were
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selected for subsequent ultrafiltration membranes
with a 10 kDa cutoff. To screen the small molecular
weight peptides, the MW < 10 kDa fraction was sepa-
rated using Sephadex G-10 gel filtration chromatogra-
phy. Two peaks (samples 1 and 2) were produced from
the alkaline protease hydrolysate (Fig. 2a). Samples 3
and 4 are trypsin hydrolysates (Fig. 2b), and only one
subfraction (sample 5) was obtained by chymotrypsin
hydrolysis (Fig. 2¢). Five fractions (samples 1, 2, 3, 4,
and 5) were collected and lyophilized separately for
subsequent Caco-2 cell transport experiment.

Establishment of an intestinal Caco-2 cell monolayer model

On the 21st day, the electron microscope section of the
Caco-2 cell monolayer clearly showed that the microvilli
structure on the upper side of the cell monolayer had
been differentiated and the brush-like border was very
neat and dense (Fig. SIA). The TEER value was 520
Q-cm? (Fig. S1B), and the AKP activity ratio (AP/BL)
(Fig. S1C) was determined to be 0, 0.99, 1.64 and 2.11
on days 3, 10, 15 and 21. Caco-2 cell monolayers to
be used for transport studies have TEER values greater
than 500 Q-cm?, indicating that the modeling was suc-
cessful (29). In addition, the permeability of sodium
fluorescein in the experimental group was significantly
lower than that in the blank control group (Fig. S1D).

(page number not for citation purpose)


http://dx.doi.org/10.29219/fnr.v67.9079

Feifan Liu et al.

a b
0.6 1 0.8
05 | 0.7
2 0.6
~04 P
E 05
K03 S04
< <
<02 | Z03
0.2
01 0.1
0 L . L N ) 0 . L . )
0 20 40 60 80 100 120 0 20 40 60 80 100
Time(min) Time(min)
C
! 5
0.9
0.8
_07
£0.6
Sos
g 0.4
<« 0.3
0.2
0.1

0 50 100

150 200 250

Time(min)
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5) represent alkaline protease, trypsin and chymotrypsin hydrolysates purified by the Sephadex G-10 column.
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Fig. 3. The TIC chromatograms of the different fractions after passing through the Caco-2 cell monolayer. (a—e) stand for TIC
chromatograms of fractions 1, 2, 3, 4 and 5 after being transported through the Caco-2 cell monolayer, respectively.

Whey peptides absorbed by Caco-2 cell monolayer model

Peptide sequences were identified by UPLC-MS after
five samples (fractions 1, 2, 3, 4, and 5) were trans-
ported through Caco-2 cell monolayers, respectively. The
total ion chromatograms (TICs) of fractions 1, 2, 3, 4,
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and 5 after across a Caco-2 cell monolayer are shown in
Fig. 3a—e. From fraction 1, six whey protein-derived pep-
tides at retention times (RT) 2.59, 3.58, 4.70, 5.35, 13.76,
and 16.86 were identified as Leu-Val-Gly (LVG), Ala-
Leu-Lys (ALK), Phe-Asp-Lys (FDK), Phe (F), Ala-His
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Table 1. Characteristics of peptides hydrolyzed from whey protein of fraction 1

RT (min) Peptide Mr (Da) [M+ H]" m/z GRAVY Electrostatic Charge Source
sequence (pH =7.0)
2.59 LVG 287.36 288.2 2.53 0 a-lactalbumin
9-11)
3.58 ALK 330.42 331.3 0.57 1.0 B-lactoglobulin
(155-157)
4.7 FDK 408.45 409.3 -1.53 0 B-lactoglobulin
(152—-154)
5.35 F 165.2 2.8 0 a-lactalbumin
(4,14,28,50,72,99)
B-lactoglobulin
(98,152,167)
13.76 AH 226.23 227.2 -0.7 0.1 a-lactalbumin
(125-126)
16.86 GLF 3354 336.2 2.07 0 a-lactalbumin
(70-72)
Table 2. Characteristics of peptides hydrolyzed from whey protein of fraction 2
RT (min) Peptide Mr (Da) [M+ H]" m/z GRAVY Electrostatic charge Source
sequence (pH =7.0)
3.6l ALK 330.42 331.3 0.57 1.0 (-lactoglobulin
(155-157)
4.7 FDK 408.45 409.3 -1.53 0 B-lactoglobulin
(152—-154)
6.78 AEK 346.38 347.2 -1.87 0 B-lactoglobulin
(89-91)
8.14 AVFK 463.57 464.3 1.23 | B-lactoglobulin
(96-99)
13.96 EV 246.26 247.1 0.35 -1 a-lactalbumin
(26-27)
15.15 AH 226.23 227.2 -0.7 0.1 B-lactoglobulin
(143-144)

(AH) and Gly-Leu-Phe (GLF) (Table 1 and Fig. S2).
From peak 2, most of the shorter peptides were eluted in
the first 20 min and peaks were illustrated at RT of 3.61,
4.70, 6.78, 8.14, 13.96, and 15.15. These peptides were
indicated as Ala-Leu-Lys (ALK), Phe-Asp-Lys (FDK),
Ala-Glu-Lys (AEK), Ala-Val-Phe-Lys (AVFK), Glu-Val
(EV), and Ala-His (AH) (Table 2 and Fig. S3). Based on
the RT, peak 3 was identified with five peptides as ALK,
Leu-Lys (LK), F, Ala-Leu-Pro-Met (ALPM), and GLF
(Table 3 and Fig. S4). The RT of 2.76, 3.64, 3.85, and
4.53 were identified as Lys-Asp-Leu-Lys (KDLK), Lys-
Leu-Asp (KLD), LK and Val-Glu-Glu (VEE) (Table 4
and Fig. S5). Peaks 2.27, 4.22, 5.30, 5.63, 6.42, 6.82, 7.80,
8.48 were showed from Fraction 5. These peptides were
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sequentially identified as His-Thr-Ser-Gly-Tyr (HTSGY),
Val-Tyr (VY), Ser-Phe (SF), Thr-Phe (TF), Tyr-Leu (YL),
Leu-Leu (LL), Leu-Phe (LF), and GLF using MALDI
Q-TOF MS (Table 5, Fig. 4). The abundance of other
unidentified peptides may have been too low to be ana-
lyzed in Fig. 3a—¢ by MALDI Q-TOF MS.

The majority of whey protein-derived peptides were
observed to transport through the Caco-2 cell monolayer
was in the dipeptide and tripeptide form (Tables 1-5),
except for AVFK, ALPM, KDLK and HTSGY. It has been
found that peptides obtained from protein hydrolysis (2-7
amino acids) were considered to be absorbed peptides and
some could be absorbed in their intact form (30). Peptides
of low molecular weight are more likely to transport across
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Table 3. Characteristics of peptides hydrolyzed from whey protein of fraction 3

. Peptide . Electrostatic charge
RT (min) sequence Mr (Da) [M+ H]" m/z GRAVY (PH =7.0) Source
B-lactoglobulin
3.54 ALK 330.42 331.3 0.57 1.0
(155-157)
a-lactalbumin
3.78 LK 259.35 260.2 -0.05 1.0
(31-32)
a-lactalbumin
(4,14,28,50,72,99)
5.35 F 165.2 2.8 0
B-lactoglobulin
(98,152,167)
a-lactalbumin
13.96 ALPM 430.56 431.3 1.475 0
(34-35)
B-lactoglobulin
16.86 GLF 3354 3362 2.07 0
(62-63)
Table 4. Characteristics of peptides hydrolyzed from whey protein of fraction 4
RT (min) Peptide Mr (Da) [M+ H]* m/z GRAVY Electrostatic Charge Source
sequence (pH =7.0)
2.76 KDLK 502.61 -1.875 1.0 a-lactalbumin
(32-35)
3.64 KLD 374.43 -1.2 0 a-lactalbumin
(133-135)
3.85 LK 259.35 -0.05 1.0 a-lactalbumin
(31-32)
a-lactalbumin
(34-35)
B-lactoglobulin
(62-63)
fB-lactoglobulin
(156-157)
453 VEE 375.37 -0.93 -2 f-lactoglobulin
(59-61)

the intestinal barrier and exert biological effects than those
of high molecular weight peptides (31). Furthermore, the
transportation of whey protein-derived peptides may also
be determined by hydrophilicity or the charge of peptides
(32). For example, ALPM and AVFK are hydrophobic pep-
tides (Tables 2 and 3). Studies have highlighted that hydro-
phobic peptides were primarily adsorbed to the surface
of AP cell membranes through hydrophobic interactions
and through hydrophobic interactions, by which the pep-
tides were more readily transported and absorbed by the
intestinal (33). The HTSGY is a positively charged peptide
(Table 4). A peptide with a net positive charge enhances the
overall absorption in the intestine (34). Consequently, it is
presumed that the peptides that could be transported are
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related to molecular weight, hydrophobicity and charge,
primarily related to molecular weight.

Comparison of the specificity of the cleavage of three proteases

By analyzing the amino acid sequences of the peptides
corresponding to the three protease cleavage sites,
some peptides might be obtained by enzymatic diges-
tion in the intact form by Caco-2 cells, while some pep-
tides were produced by enzymatic digestion followed
by peptidase hydrolysis of the brush border membrane
(Fig. 5). Alkaline protease has a wide range of cleavage
sites, trypsin is a very specific protease with cleavage
sites for Lys (K) and Arg (R). Chymotrypsin is a very
low specificity protease with cleavage sites for Phe (F),
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Table 5. Characteristics of peptides hydrolyzed from whey protein of fraction 5

RT (min) Peptide

sequence

Mr (Da)

[M+ H]* m/z

GRAVY Electrostatic Source

Charge (pH =7.0)

2.27 HTSGY 502.61 564.2

4.22 VY 374.43 281.1

5.30 SF 252.27 253.1

5.63 TF 266.29 267.1

6.42 YL 294.35 295.2

6.82 LL 24433 245.2

7.80 LF 278.35 279.1

8.48 GLF 3354 336

-1.28 0.1 a-lactalbumin
(51-55)
B-lactoglobulin
(57-58)
a-lactalbumin
(3-4)
B-lactoglobulin
(166-167)
a-lactalbumin
(49-50)
B-lactoglobulin
(118-119)
a-lactalbumin
(7-8)
B-lactoglobulin
(4-5)
B-lactoglobulin
(47-48)
B-lactoglobulin
(73-74)
B-lactoglobulin
(119-120)
a-lactalbumin
(13-14)
a-lactalbumin
71-72)
a-lactalbumin
(70-72)

1.46 0

1.05 0

1.25 0

38 0

33 0

2.07 0

Notes: RT represents retention time; Red represents intact absorbable peptides matching the enzyme cut site; Green represents peptide sequences
partially matching the enzyme cut site; Black represents small peptides identified that do not match the protease restriction site; Mr represents molec-
ular weight; Electrostatic charge calculated from http://www.innovagen.se/index.asp; GRAVY calculated from www.gravy-calculator.de: positive value

represents.

Tyr (Y), Trp (W), Leu (L), and Met (M). Hence, these
three highly differentiated enzymes were selected to
hydrolyze whey proteins for obtaining different forms
of peptides.

We discovered that the restriction sites of peptides in
fraction 1 and fraction 2 (ALK and FDK) were identi-
cal to the enzymatic cleavage site K of alkaline proteases
by comparing the sequences of the amino acid and milk
peptide libraries (Tables 1 and 2). The ALK in fraction
3 was derived from the fragment sequence KALKA
of p-lactoglobulin, which matches one of the trypsin
cleavage sites K (Table 3). After being transported to
the Caco-2 cell model, SF, LL, GLF and HTSGY from
o-lactalbumin were also identified, which matched the
chymotrypsin enzymatic cleavage site (Table 5), indicating
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that they can be transported in the intact form. In addi-
tion, the amino acid sequences that partially matched
three enzymatic cleavage sites appeared in fractions 3 and
4 (ALPM and KDLK) and the other peptides identified
that did not match the protease restriction sites probably
due to the action of the peptidase present on the brush
border of Caco-2 cells to further hydrolyze the oligo-
peptides into amino acids, dipeptides or tripeptides (35)
(Tables 3 and 4).

Effect of ALPM,AVFK and HTSGY peptides on cholesterol-
lowering activity in vitro

Cholesterol-lowering peptides were shown to have specific
hydrophobic regions (36). Peptides containing hydro-
phobic amino acids such as Pro (P), Ala (A), or Tyr (Y)
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Fig. 4. Tandem mass spectra of absorbable peptides in fraction 5. (a—h) represent HTSGY, VY, SF, TF, YL, LL, LF and GLF

in the order.

may have cholesterol-lowering abilities (37, 38). Since
ALPM, AVFK, and HTSGY satisfy these characteristics,
the synthetic peptides ALPM, AVFK and HTSGY were
selected for their potential cholesterol-lowering ability by
predicting the activity of the transport peptide in Caco-2
cells. As shown in Fig. 6a, the peptides ALPM, AVFK
and HTSGY had inhibitory effects on the dissolution of
cholesterol. The inhibition rate of AVFK and ALPM was
(46.60 * 5.45) % and (30.98 + 1.03) % at a concentration
of 1 mg/mL, respectively. The inhibition rate of HTSGY
was significantly higher than that of the others, which was
(64.27 £ 1.30) %.

The peptides ALPM and AVFK, which contain hydro-
phobic amino acids coalesce with non-polar molecules
such as cholesterol, achieving a cholesterol-lowering effect

10
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by preventing cholesterol from dissolving into micelles.
This mechanism is consistent with the cholesterol-low-
ering studies of peptides derived from rice bran protein
(39). Conversely, the hydrophilic peptide HTSGY might
reduce micellar cholesterol solubility by binding to
micellar hydrophilic bile salts. It has been reported that
hydrophilic peptides interact with the more polar micel-
lar component bile salts to disrupt the formation of lipid
micelles, thereby reducing cholesterol absorption (40).

HPLC profiles and changes in bioavailability and cholesterol-
lowering activity of ALPM,AVFK and HTSGY peptides during Gl
digestion

The cholesterol-lowering activity of three synthetic peptides
ALPM, AVFK and HTSGY peptides were investigated
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Fig. 5. Map of the corresponding cleavage sites of different proteases in B-lactoglobulin and a-lactalbumin. (a, b) are the cor-
responding cleavage sites of alkaline protease, trypsin and chymotrypsin in B-lactoglobulin and a-lactalbumin, respectively;
Identified peptides that can be transported by Caco-2 cells are marked with underline.

during GI digestion (Fig. 6b). After digestion, the cho-
lesterol-lowering activity of peptides ALPM, AVFK and
HTSGY decreased by (5.43 + 0.87) %, (13.32 £ 1.30) and
(9.52 £ 0.89) %, respectively. The HPLC profiles of AVFK
(Fig. 7a—), ALPM (Fig. 7d-f) and HTSGY (Fig. 7g-i)
during GI digestion showed that the hydrolysis of three
peptides in simulated gastric digestion was not evident.
After simulated intestinal digestion, the bioavailability of
ALPM, AVFK and HTSGY was, respectively, 68.19, 72.16
and 83.66%. These results indicate that three synthetic pep-
tides have a certain resistance to gastrointestinal enzymes
and maintained cholesterol-lowering activity during GI
digestion.

Pepsin preferentially cleaves the C-terminus of Pro (P)
and Leu (L) (Liang et al., 2018), and ALPM, AVFK and
HTSGY were largely unhydrolyzed during simulated gastric
digestion (Fig. 7b, e, h), probably because of the absence
of preferential cleavage sites in the three peptides. Trypsin
cleaved at the C-terminus of Lys (K) and Arg (R) residues,
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and chymotrypsin cleaved at the C-terminus of hydropho-
bic residues Phe (F), Tyr (Y), Trp (W) and Leu (L), result-
ing in the release of amino acids from ALPM, AVFK and
HTSGY during simulated intestinal digestion (Fig. 7c, f, 1).
The elevated cholesterol-lowering activity during intestinal
digestion might be associated with an increase in hydropho-
bic amino acids, whose increased levels may improve their
ability to bind conjugated bile acids (41). It was noteworthy
that peptides with Pro residues were resistant to degradation
by digestive enzymes (42) and hydrophobic amino acids were
slightly less resistant to gastrointestinal digestion (43). The
HTSGY contains a large number of hydrophilic amino acids
and ALPM contains Pro (P), hence HTSGY and ALPM
might contribute better digestive resistance than AVFK.

ALPM,AVFK and HTSGY peptides dffect cholesterol absorption
in Caco-2 cells

Through MTT experiments, we found that the cell sur-
vival rate was no less than 97% at peptide concentrations
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Fig 6. Effect of different concentrations of peptides on cholesterol absorption. (a) represents the determination of the choles-
terol-lowering capacity of synthetic peptides HTSGY, ALPM, and AVFK. (b) represents the change in the cholesterol-lower-
ing capacity of synthetic peptides HTSGY, ALPM, and AVFK during simulated gastrointestinal (GI) digestion. (c) represents
Caco-2 cell viability after treatments with peptides HTSGY, ALPM and AVFK: results of MTT cell viability assay of Caco-2
cells after peptides treatments for 24 h. (d) represents Effects of different concentrations of peptides on water-soluble cholesterol

uptake in Caco-2 cells.

Notes: The data were expressed as mean * standard deviation (SD, n = 3). Different lowercase letters in Figure A indicate signifi-
cant differences within the same peptide concentration (P < 0.05); different lowercase letters in (b) indicate significant differences
within the same peptide (P < 0.05) (Tukey test for one-way ANOVA, SPSS Statistics 20).

ranging from 0 to 2 mg/mL, which could exclude the poten-
tial toxic effects of the peptides on the Caco-2 cell line. Cell
survival was higher than 99% at a concentration of 0.5 mg/
mL for the three peptides, which did not affect cell growth
(Fig. 6¢). Therefore, in the following experiments aimed at
studying the functional effects of peptides, the optimum
concentration of the three peptides was 0.5 mg/mL.

In addition, we performed a preliminary study on the
inhibition of water-soluble cholesterol by ALPM, AVFK
and HTSGY in Caco-2 cell monolayers. After 2 h of the
Caco-24 cell uptake experiment, the blank control had
a cholesterol concentration in Caco-2 cells of 0.1213
mg/mL at 0.5, 1.0, 1.5 and 2.0 mg/mL, HTSGY, AVFK
and AKPM significantly inhibited cholesterol uptake
in Caco-2 cells. at 2.0 mg/mL, HTSGY was most effec-
tive in reducing cholesterol uptake was most effective at
2.0 mg/mL, with an inhibition rate of 88.72% (Fig. 6d).
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Interestingly, at 0.5 mg/mL HTSGY, the inhibition rate on
Caco-2 cell monolayers absorption was over 50%, signifi-
cantly higher than that of ALPM and AVFK at 32.15 and
46.52% (P < 0.05). The inhibition of monolayer choles-
terol uptake by Caco-2 cells by HTSGY was significantly
greater than that by 0.5 mg/mL at 1 mg/mL (P < 0.05).
The inhibition by HTSGY and AVFK at 1.5 and 2.0 mg/
mL was not statistically significant (P > 0.05). Overall, the
inhibitory effect of peptide concentration on cholesterol
uptake in Caco-2 cells had a dose-dependent effect.

Conclusions

In this experiment, whey protein-derived peptides were
hydrolyzed with alkaline protease, trypsin and chymo-
trypsin, respectively, and then transported through
Caco-2 cell monolayers to screen intestinal absorp-
tion peptides. Among transported peptides, HTSGY,
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ALPM, and AVFK are found to be the unreported
sequence that has cholesterol-lowering activity and
resistance to gastrointestinal digestion. The study pro-
vided a research basis for the development of choles-
terol-lowering peptide components for the functional
food market.
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