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Abstract
Background Flaxseed peptide (FPs) showed serum cholesterol-lowering activity in SD rats fed a high-
cholesterol diet, but the cholesterol-lowering amino acid sequences and mechanism of FPs were still
unclear.

Methods: FPs were separated via ultra�ltration, and the amino acid sequences of the selected fractions
were determined via high-performance liquid chromatography- Electrospray Ionisation - Orbitrap- Mass
spectrometry (HPLC-ESI-Orbitrap MS). These peptides then were synthesized by solid-phase synthesis
(SPPS). IPPF with the highest CMSR was determined to exist in �axseed protein by speci�c antibodies.
The effects of IPPF on intestinal cholesterol absorption and hepatic cholesterol metabolism were
investigated in Caco-2 cells and HepG2 cells.

Results 1 kDa FP5 fraction had the highest cholesterol micelle solubility inhibition rate (CMSR) 72.39%
compared with the other ultra�ltration fractions. Then Eleven peptides were identi�ed from FP5. Ile-Pro-
Pro-Phe (IPPF), with the highest CMSR 93.47%, was selected to research the cholesterol-lowering
mechanism in Caco-2 and HepG2 cells. IPPF signi�cantly reduces the amount of cholesterol transported
in Caco2 cells and the amount of total cholesterol in HepG2 cells. IPPF signi�cantly modulated the
protein levels of NCP1L1 and ABCG5/8 in Caco2 cells and signi�cantly reduced the mRNA levels of
Srebp-2 and Hmgcr in HepG2 cells.

Conclusion: IPPF inhibits cholesterol intestinal absorption through modulating the expression of
cholesterol transporters in Caco-2 cells and reduces hepatic cholesterol synthesis through inhibiting the
SREBP2-regulated mevalonate (HMGCR) pathway in HepG2 cells. IPPF is a new food-derived inhibitor of
intestinal cholesterol absorption and hepatic cholesterol synthesis without side effects and provides a
nutritional therapy component for hypercholesterolemia.

1. Introduction
Cholesterol is an essential structural cell membrane component biosynthesized in all animal cells and as
a precursor for the biosynthesis of steroid hormones and bile acid [1]. However, increasing levels of
cholesterol in the blood (Hypercholesterolemia) lead to atherosclerosis and further results in heart attack,
stroke, and kidney diareses [2]. Exogenous and endogenous cholesterol are considered as the two main
sources of cholesterol in the blood [3]. Exogenous cholesterol mainly comes from dietary intake, which
can be attenuated by inhibiting cholesterol intestinal absorption [4]. Endogenous cholesterol is
synthesized in the liver. A pathology review reported that reducing the endogenous cholesterol levels
through inhibiting the cholesterol biosynthesis could effectively reduce the risk of hypercholesterolemia
and cardiovascular disease [5]. Currently, statins are the most ubiquitous medicines for lowering
cholesterol levels by inhibiting cholesterol de novo synthesis in liver. However, statins have been reported
having many side effects, such as intestine reaction, muscle reaction and type 2 diabetes [6]. Thus, there
is a signi�cant value using food ingredients or nutrients to reduce cholesterol levels.
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Several plant proteins and peptides have been reported to have cholesterol-lowering activity. The dietary
intake of Lupinus angustifolius proteins decreases serum cholesterol and HDL-cholesterol levels by up-
regulating Srepb-2 and Cyp7a1 gene expression [7]. Tartary buckwheat peptides obviously decrease
hepatic cholesterol levels and increase fecal acidic sterols by inhibiting the gene expression of NPC1L1
and ACAT2 in the intestines [8]. Flaxseed (Linum usitatissimum L.), also called linseed, contains 56–70%
protein in the endosperm and cotyledons [9]. Flaxseed peptides and protein hydrolysates not only have
great processing characteristics but also have many physiological activities such as ACE inhibitors and
anti-in�ammation. Flaxseed protein hydrolysates remarkably suppresses the in�ammation and oxidative
stress of hepatic damage in Wistar rats [10]. Arg-rich �axseed peptide fractions lowered the systolic blood
pressure in spontaneously hypertensive rats [11]. However, few studies reported whether �axseed peptides
have cholesterol-lowering activity.

Our previous unpublished study showed that �axseed peptide (FPs) has been proven to have cholesterol-
lowering activity in SD rats fed a high-cholesterol diet. However, the amino acid sequences of FPs and
mechanisms of FPs on regulating cholesterol metabolism are still unclear. In the present study, FPs were
separated via ultra�ltration, and the amino acid sequences of the selected fractions were determined via
high-performance liquid chromatography- Electrospray Ionisation - Orbitrap- Mass spectrometry (HPLC-
ESI-Orbitrap MS). These peptides then were synthesized by solid-phase synthesis (SPPS). IPPF with the
highest CMSR was determined to exist in �axseed protein by speci�c antibodies and selected for follow-
up study. Subsequently, the effects of IPPF on intestinal cholesterol absorption and hepatic cholesterol
metabolism were investigated in Caco-2 cells and HepG2 cells. This study provides a theoretical basis for
developing a food-derived cholesterol-lowering functional ingredient to prevent hypercholesterolemia.

2. Material And Methods

2.1 Materials and reagents
Low-temperature defatted �axseed proteins were obtained from Inner Mongolia Fengjimiao Agricultural
Products Technology Development Co., Ltd. Caco-2 and HepG2 cells were purchased from the Institute of
Biochemistry and Cell Biology (CAS; Shanghai, China). Protease M was obtained from Nippon Amano
Enzyme Co., Ltd., Japan. The following materials were used: an AL204 electronic balance (Mettler Toledo
Co., Ltd., Switzerland), an 8200 stirred ultra�ltration cell (Millipore Co., Ltd., USA), and a FreeZone® 4.5
desktop freeze dryer (American Labconco Corporation, USA). Electrophoresis, a transfer tank (Bio-Rad,
USA), and a MultiSkan3 microplate reader (Thermo Fisher Scienti�c, USA) were also utilized. Ultimate
3000 HPLC-ESI-Orbitrap MS with Protect-1FD Ultra-clean workbench (Agilent Co. Ltd, USA). CO2 incubator
(Thermo Fisher Scienti�c, USA), and an inverted microscope (Nikon Co., Ltd., Japan). MEM basic medium,
bovine albumin, and antibiotics were procured from Sigma Co., Ltd., USA. Millicell electrical resistance
system (ERS) and electrical resistance meter were acquired from Thermo Fisher Scienti�c, USA. Anti-β-
actin, NPC1L1, ABCG5/G8 (1:1000, rabbit, Abcam Inc., UK), cell lysate, Western blot kit (NJJC, Nanjing,
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China). Transcriptor First Strand cDNA Synthesis Kit (Roche, Berlin, Germany). SYBR® Premix EX Taq II
Kit (Takara, Shiga, Japan). Thermal Cycler Mx3000P QPCR System (Agilent, CA, USA)

2.2 Preparation of �axseed protein hydrolysates
First, 1 g of protein was weighed in a beaker and added with 50 mL of distilled water. pH was adjusted to
3.3 by using 1 mol/L HCl. The solution was then placed on a constant-temperature magnetic stirrer and
added with 0.01 g of protease M (optimum pH = 3.3, optimum temperature = 50°C, E/S ratio = 1:100)
when the temperature reached 50°C [10]. The temperature was maintained at 50°C, and enzymatic
hydrolysis was conducted for 1 h. The enzyme was degraded by incubating the solution in a boiling water
bath for 15 min. The solution was cooled to room temperature and centrifuged at 1792 r/min for 20 min.
Afterward, pH was adjusted to 7 by adding 1 mol/L NaOH, and then the supernatant was freeze-dried.

2.3 Cholesterol micelle solubility inhibition rate of different
FP fractions
FPHs were separated using an ultra�ltration with molecular weight of 1, 3, 5, and 10 kDa. Five types of
ultra�ltration components of ≤ 1, 1–3, 3–5, 5–10, and ≥ 10 kDa were separated via ultra�ltration.
Cholesterol micelles were prepared in accordance with the method of Zhang et al [11], with some
modi�cations. Subsequently, 5 mg of different FPH fractions was dissolved in 1 mL of micelle solution.
The solution was shaken at 37°C for 24 h and centrifuged at 15,000 r/min for 60 min. The supernatant
fractions (25 µL) were collected, and cholesterol concentrations were determined using a cholesterol
assay kit (NJJC, Nanjing, China) by measuring the absorbance at 510 nm. Finally, CMSR was calculated.

2.4 LC-ESI-Orbitrap MS analysis of FP5

The amino acid sequences of FPH5 were determined via HPLC-ESI-Orbitrap MS.

For the HPLC conditions, the sample was reconstituted in 0.1% aqueous formic acid, �ltered through a
0.45 µm microporous membrane, and separated by a reverse-phase C18 column. The mobile phase A
comprised 0.1% aqueous formic acid, whereas the mobile phase B comprised 0.1% formic acid in
acetonitrile. The elution gradients with respect to mobile phase B were 0–5 min, 6–9%; 5–20 min, 9–14%;
20–50 min, 14–30%; 50–58 min, 30–40%; and 58–60 min, 40–95%. The total elution time was 60 min,
and the column temperature was 30°C [13]. The detection wavelength was 220 nm, the injection volume
was 10 µL, and the �ow rate was 300 nL/min. The eluent was directly placed in the mass spectrometer
system for analysis.

For ESI-Orbitrap MS conditions, the detection mode of ESI was in positive ion source, the capillary
temperature was 250 ℃, the electrospray voltage was 2,100 V, and the m/z sweep range was 100–1,800.

The original �les of the mass spectrometer were processed with the supporting commercial software
Maxquant (1.6.2.10). The obtained peptide sequences were compared with the amino acid sequences of
the protein database (UniProtKB) to obtain the matched amino acid sequences.
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2.5 Solid-phase peptide synthesis and CMSR of synthesized
peptides
The peptide amino acid sequences from FPH5 were synthesized by ChinaPeptides Co. (Shanghai, China)
by using a solid-phase peptide synthesis (SSPS) procedure. The molecular masses and purities (> 97%)
of the peptides were determined using an HPLC-MS system with a C18 column. A solution that consisted
of 60% CH3OH, 39.9% H2O, and 0.1% HCOOH was used as the mobile phase. The �ow rate was set to 0.5
mL/min, and the detection range was m/z 100–1800. The CMSR of the synthesized peptides was then
evaluated.

2.6 Preparation of IPPF antibody
Immunization protocol: On the 1st day, the treated New Zealand rabbits were disinfected with alcohol,
and 1 mL of antigen was added to 1 mL of Freund’s complete adjuvant. The mixture was injected at
multiple points (at least eight points) under the skin on the back of the neck. On the 15th day, the �rst
booster immunization was performed, and 1 mL of antigen was added to 1 mL of Freund’s incomplete
adjuvant for emulsi�cation then was injected at multiple sites under the skin on the back of the neck. On
the 29th day, the second booster immunization was performed. On the 43rd day, the third booster
immunization was performed. On the 53rd day, blood was taken from the carotid artery, and the rabbits
were sacri�ced. The rabbits’ blood was placed overnight at 4°C, centrifuged at 10000 r/min for 30 min at
4°C, and the supernatant (serum, IPPF antibody) was collected.

Preparation of primary and secondary antibodies: After the IPPF antibody was puri�ed, the antibody titer
was determined by ELISA. The titer reached the target of about 1:1250. On the 63rd day, blood was
collected via cardiac puncture. The primary antibody (IPPF antibody) used was rabbit antiserum, whereas
the secondary antibody utilized was alkaline phosphatase-labeled primary antibody.

2.7 Western blot analysis of IPPF expression in �axseed
protein
The contents of �axseed proteins in all samples were determined and diluted to 1 µg/mL. Then, 5 mL of
the diluted samples was mixed with an equal volume of the sample buffer (20% glycerol, 4% sodium
dodecyl sulfate [SDS], 3% dithiothreitol, 0.002% bromophenol blue, and 0.125 M Tris-HCl, pH 6.8) and
incubated at 98°C for 5 min to denature the proteins. The thermally denatured samples (10 µL/lane, equal
to 5 µg/lane) were applied to 10% SDS-PAGE gels for 1 h at 50 mA and transferred onto a PVDF
membrane (Hybond-P, GE Healthcare) for 1.5 h at 15 mA. The membrane was then cut into two pieces
according to the molecular weights of the �axseed proteins. Both pieces of membrane were blocked with
5% (w/v) skimmed milk in phosphate-buffered saline with Tween® 20 (PBST) at room temperature for 1
h and then washed twice for 2 min, once for 15 min, and thrice for 5 min with PBST. The membrane with
IPPF was probed with the primary antibody anti-IPPF (which was prepared in 2.3) and the secondary
antibody at room temperature for 1 h. After the specimen was washed three times, once for 2 min, twice
for 15 min, and thrice for 5 min with PBST, the proteins on the membranes were detected with ECL prime
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detection reagents (GE Healthcare, IL, US) and Image Quant LAS 4000 (GE Healthcare). Densitometry was
performed to determine the amount of phosphorylation by using Image Quant TL 7.0 (GE Healthcare).

2.8 Caco-2 and HepG2 cells culture
Caco-2 and HepG2 cells were removed from liquid nitrogen and quickly placed in a preexisting tube after
complete dissolution. The cells were obtained under sterile conditions and inoculated to 8–10 mL
containing 90% MEM + 10% fetal bovine serum, penicillin (100 units/mL), and streptomycin (100 µg/mL).
The culture medium was cultured in a CO2 incubator at 37°C. After 24 h, the culture medium was
replaced, and the growth state of the cells was observed.

2.9 Measurement of cell viability
Caco-2 and HepG2 cells were digested by trypsin when the con�uence reached 80%. The cells were
counted, and the cell concentration was adjusted to 2×104 cells/mL. The cells were seeded into a 12-well
Transwell insert culture plate with 100 µL of cells per well. Different concentrations of 100 µL of IPPF
were added per well and cultivated for 48 h. After incubation, the cells were washed twice with PBS; then,
10 µL of CCK-8 solution was added to each well and incubated at 37°C for 1–4 h. OD at 450 nm was
measured, and cell viability was calculated. The appropriate concentration was screened. The experiment
had four groups: control; low-IPPF-dose group (Low, 200 µg/mL IPPF); medium-IPPF-dose group
(Medium, 400 µg/mL IPPF); and high-IPPF-dose group (High, 800 µg/mL IPPF).

2.10 Establishment of a Caco-2 cell monolayer model in
vitro [13]

Caco-2 cells were digested with trypsin when the con�uence reached 80%. The cells were counted, and
cell concentration was adjusted to 8×104 cells/mL. The cells were seeded into a 12-well Transwell insert
culture plate with 500 µL of cells per well, and 1 mL of the culture solution was added to the basal side.
The culture media were changed 24 h after inoculation, and the culture medium was changed every 3
days. Transepithelial electrical resistance (TEER) was measured using Millicell ERS, and alkaline
phosphatase (AKP) was determined using an AKP kit (NJJC, Nanjing, China).

2.11 Cholesterol transport contents of IPPF in Caco-2 cells

IPPF concentration was determined according to cell viability. The con�guration of cholesterol
micromicelles was determined in accordance with the slightly modi�ed method of Zhang et al. [12]. In the
apical side (AP)–basolateral side (BL) transport experiment, after the transport model was established,
0.4 mL of IPPF and cholesterol micelle solution was added to the AP side, and 1.2 mL of HBSS was
added to the BL side. The 12-well Transwell TM culture plate was covered and then shaken at 50 r/min at
37°C. Then, 0.1 mL of the receiving solution was collected, and 0.1 mL of the blank receiving solution
was added. Subsequently, 0.5 mL of HBSS was added to wash the cell layer three times. The cells were
lysed with lysate on ice. Afterward, the lysate was sonicated to make a uniform solution. A 22-NBD-
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cholesterol kit (NJJC, Nanjing, China) was used to determine the contents of cholesterol-transport
contents.

2.12 Western blot analysis of Caco-2 cells

The protein levels of NPC1L1 and ABCG5/8 in the microsomal fraction were determined through Western
blot analysis with β-actin as an internal reference. Cells were lysed by cell lysate to extract proteins. The
speci�c experimental method was similar to that described Sect. 2.7.

2.13 Determination of HepG2 cellular total cholesterol contents

First, HepG2 cells in a 24-well plate at a density of 2.5×105 cells/well were treated with different IPPF
concentrations for 24 h. After each treatment, the total cholesterol of different groups was determined by
a cholesterol kit (NJJC, Nanjing, China) following the manufacturer’s protocol.

2.14 Determination of mRNA levels in HepG2 cells

Total RNA was isolated from HepG2 cells by using the RNeasy mini kit (NJJC, Nanjing, China) following
the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized from 1.0 µg total RNA by
using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Berlin, Germany). Gene expression levels
were analyzed via quantitative real-time reverse transcription polymerase chain reaction with a SYBR®
Premix EX Taq II Kit and a Thermal Cycler Mx3000P QPCR System. mRNA levels were normalized using
the β-actin (Actb) gene as an internal standard. The primer sequences and annealing temperatures used
for the analysis are shown in Table 1.

Table 1
Primers for real-time RT-PCR

Gene name Forward primer Reverse primer

Actb TCAGGTCATCACTATCGGCA TCATGGATGCCACAGGATTC

Hmgcr TGTGGGAACGGTGACACTTA GCTGACGCAGGTTCTGGAA

SREBP-2 CTGGCAAATCAAAAGAACAAGC GGACATTCTGATTAAAGTCCTCGA

LXR-a ATGGACACCTACATGCGTC CTTCAGGCGGATCTGTTCTT

CYP7A1 CTGTCATACCACAAAGTCTTATGTCA ATGCTTCTGTGTCCAAATGCC

Soat1 GATGGGGTTATGTTGCTATGC GGGCTCCTGTTTGATATTCCG

2.15 Statistical analysis

The experiments were conducted in triplicate, and data were expressed as mean ± standard deviation.
One-way ANOVA and Duncan’s new multiple-range test were performed to determine signi�cant
differences among the means at p < 0.05.
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3. Results

3.1 CMSR of different FPs fraction
The FPH3 fraction had the lowest the cholesterol-lowering activity, and the CMSR was only 27.07%
(Table 2). The FP5 fraction had the highest cholesterol-lowering activity, and the CMSR was 72.39%.

Table 2
The relative molecular weight distribution and CMSR of various fractions

after ultra�ltration of FP
Groups Molecular weight (kDa) Percent /% purity CMSR/%

FP1 ≥ 10 5.09 65.23 50.95 ± 6.74

FP2 5 ~ 10 3.38 69.76 35.12 ± 5.33

FP3 3 ~ 5 3.69 60.33 27.07 ± 9.01

FP4 1 ~ 3 22.30 59.13 45.08 ± 8.37

FP5 ≤ 1 65.54 66.04 72.39 ± 5.53

Values are mean ± SD.

3.2 Amino acid sequences of FP5

Eleven peptides were identi�ed from FP5 (Fig. 1 and Table 3). These peptides were characterized by high
contents of leucine (L), proline (P), and glycine (G). Characteristic sequences comprising PP, LL, and LP
were observed. Amino acid sequences from FP5 were a) QDIQQQGQQQEVER, b) RDLPGQCGTQPSRCQ, c)
SECTCRGLE, d) QEIQQQGQQQEVQ, e) VHPSGLPGEQTGHNT, f) LLGTL, g) LNFF, h) IIPAF, i) IPPF, j) IIF, and
k) LLGA.
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Table 3
Structural Characterization of FP5

Serial
number

Molecular
weight

Peptide Protein hits

1715.84 QDIQQQGQQQEVER Flaxseed (Linum usitatissimum) Conlinin2 (121–
135)

GQMRQDIQQQGQQQEVERWVQQAK

1761.82 DLPGQCGTQPSRC Flaxseed (Linum usitatissimum) Conlinin2 (144–
159)

QVARDLPGQCGTQPSRCQLQGQQQSAWF

1112.46 SECTCRGLE Flaxseed (Linum usitatissimum) Conlinin2 (105–
114)

KQLRSECTCRGLERAIGQMR

1571.79 QEIQQQGQQQEVQ Flaxseed (Linum usitatissimum) Conlinin1(121–
135)

AIGQMRQEIQQQGQQQEVQRWIQQA

1532.75 VHPSGLPGEQTGHNT Flaxseed (Linum usitatissimum) Late embryo
development group 1 protein-embryo development
(137–152)

DEGVARVHPSGLPGEQTGHNTRTGGTGTGH

516.340 LLGTL Flaxseed (Linum usitatissimum) NADH
dehydrogenase subunit F (114–119)

QSAFLLGTLSLCGIPPFACF

540.288 LNFF Flaxseed (Linum usitatissimum) NADH
dehydrogenase subunit F (660–664)

AXXLNFFDXDX

560.349 IIPAF Flaxseed (Linum usitatissimum) NADH
dehydrogenase subunit F (11–15)

MQHXTYSYSWIIPAFTLLVP

473.283 IPPF Flaxseed (Linum usitatissimum) NADH
dehydrogenase subunit F (423–426)

LSLCGIPPFACFW

392.256 IIF Flaxseed(Linum usitatissimum) LINUS Chloroplast
envelope membrane protein(17–19)

FYLTSXIIFLPWWIS
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Serial
number

Molecular
weight

Peptide Protein hits

373.247 LLGA Flaxseed (Linum usitatissimum) NADH
dehydrogenase subunit F (18–21)

VGIITVLLGATLALAQ

3.3 CMSR of SSPS peptides from FP5

The purities of all synthetic peptides were greater than 97% (Table 4). Among the groups, SECTCRGLE
had the lowest cholesterol-lowering, and the CMSR of SECTCRGLE was only 53.39%. IPPF had the
highest cholesterol-lowering activity, and the CMSR of IPPF was 93.47%.

Table 4
CMSR of peptides from FP5 synthesized by solid

phase in vitro
Peptide Purity CMSR/%

QDIQQQGQQQEVER 99.13 77.37 ± 3.98

DLPGQCGTQPSRC 98.45 70.94 ± 6.60

SECTCRGLE 98.64 53.39 ± 1.00

QEIQQQGQQQEVQ 97.83 86.20 ± 2.61

VHPSGLPGEQTGHNT 99.07 60.56 ± 2.54

LLGTL 98.92 88.02 ± 1.80

LNFF 97.66 80.31 ± 1.39

IIPAF 99.45 82.81 ± 1.8

IPPF 98.78 93.47 ± 2.3

IIF 99.14 80.31 ± 1.4

LLGA 98.05 87.06 ± 1.5

Values are mean ± SD.

3.4 Protein characterization and IPPF-speci�c antibody
Western blot reaction
Five bands with a molecular weight of 35, 23, 20, 12, and 11 kDa were separated from the �axseed
protein (Fig. 2A). The IPPF-speci�c antibody speci�cally bonded to the target �axseed peptides, IPPF, with
a molecular weight ranging from17 kDa to26 kDa (Fig. 2B). This result showed that the �axseed peptide
IPPF existed in the �axseed protein.
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3.5 Effects of different IPPF concentrations on Caco-2 and
HepG2 cell viability
Different IPPF concentrations did not exhibit toxicity to Caco-2 and HepG2 cells (Fig. 3). Cell viability was
consistently maintained at over 95% with IPPF concentration increased, with slightly affected cell
survival.

 

3.6 Establishment of Caco-2 cell transmembrane transport
model
The TEER of cells is measured to evaluate the compactness and completeness of a cell model [14]. The
TEER ranging from 200 Ω·cm2 to 1000 Ω·cm2 indicates that cell monolayer models are compact and
complete [14]. The TEER slowly increased in the 1st week and reached only 60.48 Ω·cm2 on the 6th day
(Fig. 4). Thereafter, the TEER rapidly increased and reached 430.08 Ω·cm2 on the 15th day and then
further increased to 529.76 Ω·cm2. Alkaline phosphatase (AKP) is used to evaluate the degree of cell
differentiation in AP–BL transport experiments [15]. AKP activity between the AP and BL sides from days
5 to 9 was not substantially different. However, AKP activity signi�cantly increased from day 13. By the
21st day, the AKP activity ratio reached over two times between the AP and BL sides. Cell growth
morphology was observed under an inverted microscope. After 21 days of culture, Caco-2 cells formed
dense cell monolayers (Fig. 4). The in vitro Caco-2 cell transmembrane transport model was established.

 

3.7 Effects of IPPF on cholesterol transport contents and proteins levels of intestinal cholesterol
absorption in Caco-2 cells

Low, medium, and high doses of IPPF signi�cantly reduced the cholesterol transport contents in Caco-2
cells in a dose-dependent manner compared with that in the control group (Fig. 5A). The cholesterol
transport content in the high-dose group was 0.73 mmol, and it decreased by 1.52 mmol compared with
that in the control group. IPPF signi�cantly decreased the protein levels of NPC1L1 in a dose-dependent
manner (Figs. 5B and 5E). There was no signi�cant difference of NPC1L1 was observed between the low
and medium groups. The protein levels of ABCG5 and ABCG8 signi�cantly increased in a dose-dependent
manner (Figs. 5C, 5D and 5E). The protein levels of ABCG8 have no difference between the low and
medium groups.

 

3.8 Effects of IPPF on the total cholesterol contents and mRNA levels of hepatic cholesterol metabolism
in HepG2 cells
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Low and medium groups of IPPF signi�cantly decreased the total cholesterol contents in HepG2 cells
compared with that in the control group (Fig. 6A). No signi�cant difference in total cholesterol content
was observed between the high and medium groups. IPPF signi�cantly decreased the mRNA levels of
HMGCR and SREBP-2 in the low and medium groups compared with that in the control group (Fig. 6B).
No signi�cant difference in the mRNA levels of Hmgcr and Srebp-2 was observed between the high and
medium groups. IPPF also signi�cantly increased the mRNA levels of Lxrα and Cyp7a1 in the medium-
dose group compared with that in the control group. No signi�cant difference in the mRNA expression of
Soat1 was found among the different groups.

 

4. Discussion
The biological functions of a peptide are determined by their amino acid sequences and spatial structure.
In this study, the amino acid sequences of FP5 were detected via LC-ESI-Orbitrap MS and eleven peptides
were determined. The amino acid sequences of these 11 peptides contained high contents of
hydrophobic amino acids. The molecular weight of the 11 peptides ranged from 350 Da to 1700 Da.
Several studies reported that food-derived peptides have cholesterol-lowering activities with low
molecular weights and continuous hydrophobic amino acids [16]. The IPP and VPP from milk peptides
have cholesterol-lowering effects [17]. Takeuchi A et al. [18] isolated IIAEK from bovine milk β-lactoglobulin
and improved intestinal cholesterol metabolism with a speci�c activation of IAP and downregulation of
ABCA1. Soybean peptides, WGAPSL, also been reported to reduce cholesterol transport content in Caco-2
and HepG2 cells [19]. The above studies showed that cholesterol-lowering peptides all have continuous
hydrophobic amino acid sequences and are tripeptide or tetrapeptide. These results were completely
consistent with this research. Cholesterol is absorbed in the intestine in the form of cholesterol micelles
and then transport into blood. CMSR is an important indicator for evaluating cholesterol-lowering activity
in vitro [20]. The peptides whose amino acid sequences were determined herein were synthesized by SPPS
and CMSR of these peptides was determined. The CMSR of SPPS peptides were higher than that of FP5.
The peptide synthesized by SPPS could not simulate the secondary and tertiary structures of the
peptides. Thus, a remarkable increase of CMSR in synthetic peptides might be related to purity of
peptides. Speci�c mechanisms, such as molecular docking between peptides and cholesterol molecule,
would be studied in a follow-up study.

Intestinal cholesterol absorption and hepatic cholesterol metabolism are considered as the main
regulating pathways of blood cholesterol and lipoprotein levels [21]. Thus, Caco-2 and HepG2 cells were
used as cells models to investigate the effects of IPPF on modulating intestinal cholesterol absorption
and hepatic cholesterol metabolism. The effect of IPPF on intestinal cholesterol absorption was
investigated in Caco-2 cells. NPC1L1 is a transporter protein mainly expressed in intestinal tract epithelial
cells and is considered as the main cholesterol absorption regulator [22]. NPC1L1 has the N-terminal
domain special structure, namely the N-terminal domain, which can speci�cally sense to cholesterol then
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form endocytosis of NPC1L1-�otillin-cholesterol membrane microdomains to mediates endocytosis,
which is an early step in cholesterol absorption. [23]. A previous study reported that inhibiting the NPC1L1
expression can effectively prevent cholesterol absorption in intestine [24]. ABCG5 and ABCG8 are
expressed in tissue-speci�c manner in the intestines and are considered as a half transporter to limit
cholesterol intestinal absorption and promote the biliary excretion of sterol and cholesterol [25].
Overexpression of ABCG5 and ABCG8 reduces fractional absorption of dietary cholesterol and promotes
biliary cholesterol secretion in mice [26]. In this study, the cholesterol transportation contents decreased
after high IPPF induction in Caco-2 cells. IPPF induction also down-regulated the protein expression of
NPC1L1 and up-regulated the protein expression of ABCG5/8. Our study con�rmed that IPPF can inhibit
cholesterol absorption in Caco-2 cells through regulating cholesterol transporter of NPC1L1 and
ABCG5/8. A previous study reported that the milk casein-derived peptides decrease cholesterol micellar
solubility and cholesterol intestinal absorption in Caco-2 cells by downregulating NPC1L1 expression and
upregulating ABCG8 [27]. This result was completely consistent with the �ndings of this study. IPPF could
be used as an intestinal cholesterol absorption inhibitor to reduce dietary cholesterol absorption.

The effect of IPPF on hepatic cholesterol metabolism was investigated in HepG2 cells. The hepatic
cholesterol metabolism homeostasis is preserved as a result of balance among the processes of
cholesterol synthesis and bile acid synthesis [28]. The cholesterol synthesis is regulated by SREBP2 and
HMGCR. SREBP2 (gene name Srebp2) binds to the sterol regulatory elements (SREs) in the promoters of
its target genes and activates the transcription of HMGCR [29]. HMGCR (gene name Hmgcr) is the rate-
limiting enzyme of hepatic cholesterol synthesis [30]. In this study, we observed the total cholesterol
contents in HepG2 cells signi�cantly decreased after IPPF treatment. IPPF signi�cantly decreased the
mRNA levels of Srebp-2 and Hmgcr in the low and medium groups compared with control group. We
con�rm that IPPF can reduce liver cholesterol synthesis through inhibiting the SREBP-2-regulated
mevalonate (HMGCR) pathway (Fig. 7). The synthesis and excretion of bile acids comprise the major
pathway of cholesterol catabolism. CYP7A1 (gene name Cyp7a1) is the rate-limitation enzyme in the �rst
step of bile acid synthesis [31]. Lxrα (gene name Lxrα) has been proven as the transcription factor for
CYP7A1[32]. IPPF signi�cantly increased the mRNA levels of Lxrα and Cyp7a1 in the medium-dose group
compared with that in the control group. HepG2 cells can synthesizes bile acids, but the levels of bile
acids are low and defective in oxidation of the side chain, conjugation, and transport [33]. In this study, the
content of bile acid in Hepg2 cells was not determined due to the limitation of detection accuracy. Thus,
we cannot determine whether the bile acids synthesis was promoted only through the increase of Cyp7a1
mRNA levels. Lammi [34] found that three peptides from soy glycinin can modulate cholesterol
metabolism in HepG2 cells by activating the LDLR-SREBP2 pathway. Another study reported that
peptides derived from cowpea bean can reduce the mRNA expression of Srebp2 and Hmgcr in HepG2
cells [35]. These studies indicated that plant-derived peptides have similar mechanism on reducing
cholesterol synthesis in liver. IPPF could be used as a hepatic cholesterol synthesis inhibitor to prevent
hepatic cholesterol accumulation and hypercholesterolemia.
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In conclusion, 11 peptides with cholesterol-lowering activity were isolated from FP5. IPPF, with the highest
CMSR, inhibits cholesterol intestinal absorption through modulating the protein expression levels of
NPC1L1 and ABCG5/8 in Caco-2 cells. IPPF also reduces cholesterol synthesis through inhibiting the
SREBP2-regulated mevalonate pathway in HepG2 cells. The study con�rmed that IPPF is an inhibitor of
intestinal cholesterol absorption and hepatic cholesterol synthesis. IPPF is a notable new food-derived
cholesterol-lowering ingredient without any side effects and provide a nutritional therapy component for
hypercholesterolemia.

Abbreviations
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Figure 1

MS spectrum of eleven peptides identi�cation from FP5
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Figure 2

SDS-PAGE separation effect of �axseed protein (A) and the expression of IPPF in �axseed protein (B)
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Figure 3

Effect of different concentrations of IPPF on cell viability
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Figure 4

AKP activity, TEER value and growth morphology condition of Caco-2 cell monolayer model at different
culture times
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Figure 5

Effects of IPPF on cholesterol transport content (A) and protein levels to cholesterol absorption
[NPC1L1(B), ABCG5 (C) and ABCG8(D)] in Caco-2 cells Different letters in the �gure denote signi�cant
differences (P < 0.05) with control.
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Figure 6

Effects of IPPF on the total cholesterol content (A) and mRNA levels related to cholesterol metabolism (B)
in HepG2 cells Different letters in the �gure denote signi�cant differences (P < 0.05) with control
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Figure 7

IPPF regulates hepatic cholesterol metabolism in HepG2 cells
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