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Abstract !
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The present study investigates the bioavailability and gene regulatory
effects of hydrolyzed plant protein blends compared to hydrolyzed whey . .
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protein in Caco-2 intestinal cells, aiming to evaluate their potential in Received: 21 April 2025
managing hypercholesterolemia. Two plant protein isolate blends Accepted: 30 September 2025

derived from chickpea, sesame, peanut, and mung bean in different

ratios were enzymatically digested and assessed for protein content, Ig;‘gv;{:;“ty.

solubility, cytotoxicity, amino acid transport, and gene expression. Caco-2 Cell Model;

Hydrolyzed whey protein isolate (WPI) showed the higher total protein Cholesterol Homeostasis;
. . . . S . Pept1/Scl15a1;

and essential amino acid (EAA) bioavailability, while hydrolyzed PIPIs Plant Protein Isolates:

demonstrated higher soluble protein content and superior non-essential Srebf2.

amino acid (NEAA) absorption. All protein hydrolysates promoted Caco-
2 cell proliferation without cytotoxic effects. Gene expression analysis
revealed that both WPI and plant blends hydrolysates upregulated
peptide transporter PepT1 and downregulated cholesterol metabolism
gene SREBF2, indicating cholesterol-lowering potential via modulation
of intestinal transport and lipid metabolic pathways. While WPI showed
superior EAA delivery, PIPI-blends exhibited unique NEAA profiles, with
PIPI-blend 2 particularly rich in glutamic acid, arginine, and aspartic
acid, the amino acids linked to cardiovascular health and metabolic
regulation. These findings highlight the promise of plant protein blends,
particularly PIPI-blend 2, as functional food ingredients for promoting
intestinal health and regulating cholesterol metabolism.
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ABCA1 Atp-Binding Cassette Transporter A1

Caco-2 Human Epithelial Cell Line from Colon Adenocarcinoma, Often Used for Intestinal Absorption Models
DMEM Dulbecco’s Modified Eagle’s Medium, A Nutrient-Rich Culture Medium

EAA Amino Acids Categorized as Essential for Humans

FBS Serum Obtained from Fetal Bovine Blood, Used as A Supplement in Cell Culture

MAPK Signaling Proteins Collectively Referred to as Mitogen-Activated Protein Kinases

MEM Minimum Essential Medium Used for Mammalian Cell Culture

mTOR A Serine/Threonine Kinase Known as The Mammalian Target of Rapamycin

NCCS National Centre for Cell Science

NEAA Amino Acids Considered Non-Essential for Humans

PepT1 Peptide Transporter 1

PIPI Plant Protein Isolate

SLC15A1 Member 1 Of The Solute Carrier Family 15 (Peptide Transporter Gene)

SREBF2 Transcription Factor Regulating Sterol and Lipid Metabolism (Sterol Regulatory Element-Binding Factor 2)
WPI Protein Isolate Derived from Whey

Introduction

Hypercholesterolemia a prevalent genetic disorder
marked by increased levels of low-density
lipoprotein levels, significantly increasing the risk
of premature cardiovascular disease, affecting
approximately 1 in 200 individuals.' Effective
cholesterol-lowering strategies are essential, and
dietary interventions, particularly those involving
functional proteins, have emerged as promising
alternatives to pharmacological treatments. Proteins
are essential dietary components, playing a
broader role in human health beyond structural
support. Consuming sufficient high-quality protein
supports growth, repair, metabolism while managing
chronic health conditions, positively affecting
blood glucose, blood pressure and cardiovascular
health, including cholesterol levels.? For example,
whey protein isolate contains peptides with
hypocholesterolemic and hypolipidemic effects,
potentially by inhibiting cholesterol synthesis or
enhancing bile acid excretion.® Plant proteins,
known for their cholesterol-lowering properties,
may exert beneficial effects by enhancing LDL
receptor activity, promoting bile acid excretion, and
modulating key genes involved in lipid metabolism.*
Despite these advancements, significant research
gaps remain in understanding the comparative
efficacy of plant and animal-derived proteins. While
animal-derived proteins like whey are well-studied
for their high essential amino acid (EAA) content
and bioavailability, plant proteins often lack certain
EAAs but offer bioactive compounds and dietary
fiber that contribute to metabolic health.>” Recent
efforts to blend plant protein isolates (PIPIs) aim to
overcome individual amino acid deficiencies and
offer more complete nutritional profiles.®2 However,

limited research exists on how these blends
influence nutrient absorption and gene expression
related to cholesterol metabolism and amino
acid transport. This knowledge gap hinders the
optimization of plant-based proteins as sustainable
dietary interventions for hypercholesterolemia. This
study investigates following research questions: (1)
How do two plant protein isolate blends (PIPI-blend
1 and PIPI-blend 2) compare to whey protein isolate
in terms of cytotoxicity and amino acid bioavailability
in the Caco-2 cell model? (2) To what extent do
these protein sources modulate the expression
of SLC15A1 (PepT1), a peptide transporter, and
SREBF2, a regulator of cholesterol biosynthesis?
The findings aim to assess the nutritional and
functional potential of plant protein blends as
sustainable dietary tools for managing cholesterol
and supporting gut health.

Materials and Methods

Materials

Four plant protein sources (mung bean, chickpea,
sesame, and peanut) and a commercial animal
protein isolate (whey) were chosen for their good
amino acid composition and protein content and
procured from the local market in New Delhi, India.
The seeds were ground into 0.5 pm flour and
defatted with hexane for further analysis.

Extraction of Protein Isolates

Briefly, defatted flour was mixed with distilled water
in a 1:8 (w/v) proportion and subjected to sonication.
The suspension was adjusted to pH 10.0 using2 M
NaOH and stirred for 1 h at 25°C. Subsequently, it
was centrifuged at 5000 x g for 15 min at 4°C, and
the resulting supernatant was collected. The pH was
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then reduced to 4.5 with 1 M HCI to induce protein
precipitation, followed by overnight incubation
and a second centrifugation step under identical
conditions. The precipitated proteins were rinsed
twice with distilled water and neutralized to pH
7.0 using NaOH (1 M), air-dried, and ground into
PIPIs.® Linear programming, a mathematical method
was employed to identify the optimal composition
of protein blends, with a focus on high lysine and
methionine content in accordance with WHO
recommendations using Microsoft Excel Solver tool.
Using the results of linear programming, peanut,
chickpea, sesame, and mung bean respectively
were mixed in specific ratios to yield PIPI-blend 1
(0.1:0.1:0.7:0.1), and PIPI-blend 2 (0:0.1:0.8:0.1).
PIPI-blend 2 didn’t contain peanut.

Protein Solubility

Total protein soluble protein of the protein isolates
and blends was quantified using the Bradford assay
(Bradford, 1976)."° The % protein solubility was
computed as:

Protein in supernatant

PS% = X 100

Total protein

In Vitro Digestion of Protein Isolates

In brief, 200 mg sample in 2 mL water was mixed
followed by the addition of 35 mL 0.1N HCI and
overnight incubation at 37°C. Pepsin (1 mL, 3
mg/mL) was mixed with the sample, and kept for
incubation (2 hours; 37°C). The pH of the digest
was then neutralized to 7.4 using 1 M Tris-HCI,
after which trypsin and chymotrypsin (1 mL, 2.5 mg/
mL each) were added and the sample incubated
for another 4 h at 37°C. Enzymatic activity was
stopped by heating the mixture in boiling water for
10 minutes."

Caco-2 Cell Culture

NCCS provided the Caco-2 cells (Pune, India)
and cultured in a 37°C humidified incubator with
5% CO2. DMEM/MEM medium enriched with fetal
bovine serum (10%), L-glutamine (1%), and 1%
penicillin—streptomycin was used to grow the cells.
Additionally, 25 mM HEPES buffer (pH 7.4) was
included to maintain pH stability. Cells were supplied
with new medium every two days to maintain optimal
growth. At ~80% confluence, cells were harvested
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using trypsin-EDTA (2.5 g/L trypsin, 0.2 g/L EDTA)
and subsequently used for downstream assays.?

Cytotoxicity Assay in Caco-2 Cell

Caco-2 cells were seeded into 96-well plates and
cultured under controlled conditions (37°C, 5% CO:-
atmosphere) until they achieved a density of 6 x 10°
cells per well and 80% confluence. The cell layers
were then rinsed with serum-free DMEM and treated
with 100 pL of DMEM enriched with 10% fetal bovine
serum, incorporating test samples at concentrations
of 50, 100, 150, 200, and 250 pg/mL in duplicate
pairs for a 24-hour incubation period. Following
incubation, the plates underwent centrifugation at
1000 x g for 30 seconds to remove the old medium,
followed by a PBS wash. A staining solution of 100 pL
(9:1 ratio of media to MTT) was applied in darkness
for 2 hours. After centrifugation, the MTT solution
(0.5 mg/mL) was removed, and 100 pL of a lysis
buffer (containing 8 mM HCI and 10.5% NP-40 in
DMSO) was added to each well. After 5 minutes of
gentle agitation, absorbance was measured at 570
nm using a Synergy H1 microplate reader (BioTek,
Bad Friedrichshall, Germany)."

Sample — Blank

Control — Blank x 100

% viability =

Bioavailability Studies and UPLC

In 6-well plates a 12,000 molecular weight cut-off
dialysis membrane was fitted to the bottom of a
suitably sized Transwell insert ring (polycarbonate
inserts; Corning) to mimic intestinal barrier
conditions. The complete setup was sterilized
overnightin 0.1 N HCI at 4°C and finally, the inserts
were keptimmersed in sterile water for 1 hour before
use. Over a 21-day culture period on Transwell
inserts, Caco-2 cells developed into differentiated
monolayers (~80% confluence, ~6 x 102 cells/well).
At the start of the experiment, the cell monolayers
were rinsed with PBS, 100 uL in vitro digested test
samples (Whey, PIPI-Blend 1, and PIPI-Blend 2)
were applied to the apical surface of the system (6.0
pg/uL in transport buffer, pH7). Following two hours
of incubation at 37°C with 5% CO, media from both
apical and basal chambers were collected. UPLC
was employed to quantified total amino acids (free
+ peptide-derived) that was transferred to the basal
side and that remained on the apical side.™
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RNA Isolation and cDNA Synthesis

Total RNA from Caco-2 cells was isolated using
TRIzol reagent (Invitrogen, Carlsbad, USA). Using
spectrophotometry, the isolated RNA's content and
purity were ascertained. At 260/280 nm, an optical
density (OD) ratio of roughly 1.9 was regarded as
suggestive of low contamination (NanoDrop, Witec,
Switzerland). According to the cDNA synthesis kit's
user handbook (Thermo Scientific, USA), cDNA
was created.

Quantitative Real-Time Pcr (Qrt-Pcr) Investigation
of the Expression Patterns of the Genes Srebf
2 (Cholesterol Metabolism) and Slc15a1 (Amino
Acid Transporter)

The housekeeping gene Actin1 (GenBank Accession
No. NM_001101.5) served as a reference to
standardize the variable expression levels of
SREBF2 and SLC15A1 in Caco-2 cells. Primers
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were validated through conventional end-point PCR,
with a melting curve analysis conducted to ensure
specificity." For the qRT-PCR setup, 1 pL of cDNA
template, 3.2 yL of sterile distilled water, 0.4 uL of
each forward and reverse primer, and 5 pL of 1X
SYBR Green Master Mix (Applied Biosystems, USA)
were combined. A preliminary denaturation at 98°C
for 10 minutes, 35 cycles of denaturation at 94°C for
50 seconds, annealing at the corresponding T_°C for
40 seconds, and extension at 72°C for 50 seconds,
and a final extension step at 72°C for 10 minutes
were used to perform the real-time PCR (see Table
1 for primer details). Using the 2722t technique, gene
expression levels were measured and reported as
fold changes in comparison to the control group.™

AACt = (Ct target — Ctactin)at time , -

(Ct target — Ctactin)at time,

Table 1: Sequences of The Primers Used for Real Time PCR Amplification and The Product Size.

Gene name Primer Oligo Id Sequence 5’ to 3’ Amplicon Ta Accession no.
length
(bp)
SREBP2 HsSREBF2 FP TTCCTGTGCCTCTCCTTTAAC 142 62.1 NM_004599.1
HsSREBF2 RP TCATCCAGTCAAACCAGCC 63.8
PepT1 HsSLC15A1 FP CCCTGATTGTGTTTGTCCTTG 130 64.2 NM_005073.4
HsSLC15A1 RP AATGCCTTACTCCGATGCC 63.9
B-actin HsACTB FP GTCTTCCCCTCCATCGTG 120 63.3 NM_001101.5
HsACTB RP GTACTTCAGGGTGAGGATGC 61.2
Statistical Analysis Results

Each experiment was conducted in triplicate, and
data are reported as mean + SD. Group comparisons
were analyzed using one-way ANOVA in SPSS
version 19 (IBM, USA). Statistical significance was
assessed by Student’s t-test, and differences with
p < 0.05 were regarded as significant.

Protein Isolates’ Solubility and Protein Content
The protein content and solubility of undigested
whey protein isolate (WPI) and two formulated plant
protein blends (PIPI-blend 1 and PIPI-blend 2) were
evaluated (Table 2).

Table 2: Total Protein Content and Soluble Protein Content of Protein Isolates.

Protein isolate Protein content

Soluble proteins

In-vitro digestibility Total polyphenols

% % % (ng/g)
Whey 82.05+0.3 39.5+0.9 86.3+0.2 75.03+4.3
PIPI- Blend 1 75.97+1.3 41.9+0.6 82.1+2.9 120.4£1.2
PIPI- Blend 2 76.47+1.4 43.1+0.6 78.8+4 135.3+3.7
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WPI exhibited the highest total protein content
(82% w/w), whereas both PIPI-blends showed
comparable values (~76% w/w). Notably, PIPI-
blend 2 demonstrated the maximum soluble protein
fraction (43%), followed by PIPI-blend 1 (41.8%) and
WPI (39.4%). These findings suggest that although
whey has higher overall protein content, plant protein
blends, particularly PIPI-blend 2, offer superior
solubility, a key factor influencing protein digestibility
and functional application in food systems.

Effect of Plant Protein Blends on Cell Proliferation
Whey protein hydrolysate and plant protein blends
(PIPI-blend 1 and PIPI-blend 2) hydrolysates
significantly enhanced Caco-2 cell proliferation, as
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assessed by the MTT assay, which measures cellular
metabolic activity. Across a range of concentrations
from 50 to 250 pg/mL, none of the treatments
displayed cytotoxic effects, confirming cell safety.
Hydrolyzed plant protein blends demonstrated a
dose-dependent boost in cell proliferation, with PIPI-
blend 2 achieving the highest improvement (up to
22.8%), followed by PIPI-blend 1 (22.6%) and whey
(20.6%) compared to the FBS control (Fig.1). These
findings indicate that enzymatic digestion of both
plant and whey proteins yields bioactive peptides
that promote intestinal cell growth, with PIPI-blend
2 showing the highest effect (22.8%), highlighting
hydrolysed plant protein potential as functional food
components for supporting gut health.

BBlend-3

150 200

250

Fig. 1: Effect of Protein Hydrolysates (50—250 ug/ml) on the Viability of Caco-2 Cells After 24 H
Incubation, Assessed by MTT Assay. the FBS Control (Cells Without Hydrolysates) Was Defined
as 100% Viability, and Treatment Values Are Shown Relative to This Control. Distinct Letters
(A, B, C) Denote Significant Differences Between Means (P < 0.05).

Bioavailability of Plant Protein Blends

The proportion of essential and non-essential amino
acids accessible for absorption from whey and plant
protein blends was assessed using the Caco-2 cell
monolayer model. After a 2-hour incubation, PIPI-
blend 1 protein demonstrated the highest essential
amino acid (EAA) transport (25%), followed by whey
(16%) and PIPI-blend 2 (15%) (Table 3). Similarly,
the transport of non-essential amino acids (NEAAs)
was highest in the PIPI-blend 1 (62%), compared to
57% in whey protein and 40 % in PIPI-blend 2. Amino
acid profiling revealed distinct transport patterns

across the intestinal epithelial (Caco-2) barrier,
reflecting the unique absorption characteristics of
each protein source (Fig. 2).

PIPI-blend 1 showed higher transport of neutral
and polar amino acids, such as leucine (59.1%),
isoleucine (10.6%), and proline (96.8%). While
PIPI-blend 2 exhibited higher uptake of charged
amino acids, including serine (93.2%), glutamic
acid (59.8%), histidine (65.6%), lysine (56.5%), and
aspartic acid (59.5%). Sulfur-containing amino acids,
methionine and cysteine, were poorly absorbed
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in both plant blends. Whey showed superior
bioavailability of critical EAAs like valine (74.4%)
and phenylalanine (80.5%), higher than PIPI-blend
1 (6.3%) and PIPI-blend 2 (3.1). Conversely, PIPI-
blend 2 exhibited the highest NEAA bioavailability
of glutamic acid, arginine, serine and aspartic acid
which are linked in literature to potential functional

Bioavailibility (%)

-

[=]
R F SIS i s rrrrrrrrrrs i
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benefits for metabolic and cardiovascular health.
However, direct bioactivity evaluations are required
to confirm functional benefits. These results
emphasize whey’s superior efficiency in delivering
essential amino acids, while also highlighting the
distinctive non-essential amino acid profiles and
transport dynamics of plant protein blends.

BWhey EPP-Blendl BEPP-Blend2

Amino Acids

Fig. 2: Percentage Bioavailability (%) Of Individual Amino Acids Transported from Apical to
Basolateral Compartments in Caco-2 Cells After 2-Hour Incubation with Hydrolyzed Protein
Samples. Bioavailability Calculated as (Basolateral Amino Acid / Total Initial Apical Amino Acid)
x 100. Distinct Letters (A to P) Denote Significant Differences Between Means
(P < 0.05) For Each Amino Acid.

Gene Expression Analysis

PepT1 (SLC15A1), a proton-coupled peptide
transporter positioned on the apical surface of
enterocytes, plays a pivotal role in di- and tripeptide
absorption, accounting for approximately 80%
of total dietary protein uptake. SREBF2 acts as
a central transcriptional regulator of cholesterol
balance by controlling the activity of genes linked to
cholesterol production and absorption. To investigate
the relationship between amino acid bioavailability
and transporter activity, gene expression analysis
was performed on Caco-2 cells exposed to
protein hydrolysates. Whey protein hydrolysate
maximally induced the upregulation and down

regulation of PepT1 expression (1.47-fold) and
SREBF2 (0.29-fold), a key regulator of cholesterol
biosynthesis respectively. In comparison, PIPI-blend
1 and PIPI-blend 2 moderately elevated PepT1
expression (1.34-fold and 1.31-fold, respectively)
and suppressed SREBF2 expression to 0.62-fold
and 0.61-fold, respectively (Fig. 3). These results
suggest that while plant protein blends can modulate
nutrient transport and cholesterol-regulating gene
expression, whey protein remains more effective
in enhancing peptide transport and downregulating
lipid synthesis pathways due to its higher essential
amino acid bioavailability.
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Table 3: Absolute Concentrations of EAA and NEAA (ug/Gram of Protein * SE) In
(A) Apical and (B) Basal Compartments of Caco-2 Transwell Inserts

Upper phase Lower phase
Whey PIPI-Blend1 PIPI-Blend2 Whey PIPI-Blend 1  PIPI- Blend 2

Essential Amino Acids (pg/g protein)

Threonine 52.2+2 18.7+0.73 3.4+0.14 11.8+0.46 3.6+0.14 0.1+0.004
Methionine 2.240.09 2.1£0.08 7.4+0.29 1.5+0.06 0.6+0.02 2.3+0.09
Valine 0.2+0.01 15.9+0.62 16.4+0.64 0.1+0.01 1+£0.04 0.5+0.02
Phenylalanine 1.8+0.07 16.8+0.66 1.9+0.07 1.4+0.06 6.9+0.27 0.6+0.02
Isoleucine 39+1.52 29.2+1.14 31.6+1.23 2.1+0.08 3+0.12 1.2+0.05
Leucine 2.8+0.11 4.4+0.17 2.240.09 0.3+0.01 2.6+0.1 0.1+0.01
Histidine 0.4+0.02 8.2+0.32 6+0.23 0.3+0.01 4.3+0.17 3.9+0.15
Lysine 32+1.25 33.6+1.31 3.4+0.13 3.6+0.14 10.1£0.39 1.9+0.07
YEAA 130.75 128.95 72.52 21.27 32.10 10.76
Non-Essential Amino Acids (ug/g protein)
Arginine 1+£0.04 15.5+0.61 3.7£0.14 0.8+0.03 3.2+0.12 1.5+0.06
Serine 0.4+0.02 15.3+0.6 0.3+0.01 0.2+0.01 3.6+0.14 0.3+0.01
Aspartic acid 0.7+£0.03 66.8+2.61 3.2£0.12 0.4+0.01 4+0.16 1.9+0.07
Glutamic acid 36.1+1.41 8.7+0.34 2.4+0.09 4.6+0.18 3.4+0.13 1.4+0.05
Glycine 13.7+£0.53 12.6+£0.49 2.1+0.08 1.9+0.07 2.2+0.08 0.1+0.002
Alanine 0.3+0.01 551.7+ 21.52 0.4+0.01 0.2+0.01 123.7+4.82 0.3+0.01
Tyrosine 45.1£1.76 3.3+0.13 3.1£0.12 3.8+0.15 0.3+0.01 0.3+0.01
Proline 548.6+21.4 820.6+32 750.5£29.27  353.8+13.8 791.7+£30.88 536.6+20.93
Cysteine 0.8+0.03 6.6+0.26 616.1£24.03  0.3+0.01 0.6+0.03 4.5+0.18
SNEAA 646.7231 1501.111 1381.665 365.8444 932.637 546.7709
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Fig. 3: Effect of Dietary Protein Sources (Whey, PIPI-Blend 1 and PIPI-Blend 2) on Gene
Expression of SREBF2 and SCL15A1/Pept1 in Caco-2 Intestinal Cell. Distinct Letters
(A, B) Denote Significant Differences Between Means (P < 0.05).

Discussion blends (PIPI-blend 1 and PIPI-blend 2). While WPI
This study demonstrated distinct nutritional and  exhibited the highest overall protein content, the PIPI
functional characteristics of whey protein isolate  blends showed comparable protein concentrations
(WPI) and two formulated plant protein isolate  and greater solubility, with PIPI-blend 2 showing the
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highest soluble protein fraction. This higher solubility
may enhance digestibility and functional utility in
food applications.™

Cytotoxicity assays confirmed that all hydrolysed
protein samples were non-toxic up to 250 pg/mL,
a concentration below peak physiological levels
in the intestine (~15,000 pg/mL equivalents post-
meal), but representative of diluted in vitro conditions
for safety assessment, supporting their safety for
nutritional use. The observed enhancement in Caco-
2 cell proliferation, particularly with PIPI-blend 2,
indicates the release of bioactive peptides during
enzymatic hydrolysis that may contribute to gut
health and tissue regeneration. These results align
with previous findings from hydrolysates of chickpea
and hemp seed, which also stimulated intestinal cell
growth.'6.17

This study assessed amino acid bioavailability and
and their relevance to PepT1-mediated transport
(oligopeptides + free amino acid) using a fully
differentiated Caco-2 in vitro model, comparing
hydrolysed WPI to two PIPI-blends. Amino acid
transport was measured as absolute concentrations
(ug/g protein) in apical and basolateral compartments,
reflecting the quantity absorbed relative to initial
luminal amounts. Amino acid bioavailability studies
revealed superior essential amino acid (EAA)
bioavailability in WPI, particularly for branched-
chain and sulfur-containing amino acids critical
for muscle synthesis and metabolic regulation.
In contrast, PIPI-blends, especially PIPI-blend
2, demonstrated enhanced transport of NEAAs
such as aspartic acid, arginine, and glutamic acid,
suggesting complementary metabolic benefits.
Recent research in 2024 has shown that PIPIs
often contain reduced levels of EAAs, which may
diminish their effectiveness in promoting muscle
protein synthesis when compared to whey proteins.
Blending various plant proteins can enhance the
overall EAA composition (as seen in PIPI-blend 1)
and more effectively support muscle synthesis.®
Despite WPI’s overall advantage, PIPI-blend 1
exhibited markedly high leucine bioavailability (47
% more that of whey), which may support mTOR
signalling and muscle protein synthesis, potentially
benefiting populations with high anabolic demands,
including the elderly or plant-based dieters."®
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Differences in digestibility, and anti-nutritional factors
as given in Table 2 likely contribute to the varied
bioavailability pattern observed between plant and
animal proteins (Fig.2; Table 3).202" Additionally,
the alkaline extraction method used for PIPI-blends
may lead to racemization of certain NEAAs, further
limiting EAA bioavailability.?? Non-essential amino
acids (NEAAs) such as D-enantiomers of aspartic
acid, alanine, and glutamic acid are particularly
prone to racemization during alkaline processing,
potentially impairing the bioavailability of essential
amino acids (EAAs).22* In contrast, whey protein,
which contains a higher proportion of EAAs
relative to NEAAs and undergoes less aggressive
processing, is less susceptible to racemization.
This likely contributes to the superior digestibility
and amino acid bioavailability observed in whey
protein isolate in this study. Supporting evidence
from previous research also indicates that, although
wheat protein hydrolysate can increase circulating
amino acid levels, whey protein produces a
more pronounced postprandial rise in blood EAA
concentrations, reinforcing its efficiency in essential
nutrient delivery.?® Furthermore, recent 2024 study
have reported that PIPIs generally have lower
contents of EAA like methionine in comparison to
animal protein, consistent with our observations.?®

Gene expression analysis corroborated these
findings. WPI induced the highest upregulation of
PepT1, a key intestinal peptide transporter, and
the greatest suppression of SREBF2, a regulator
of cholesterol biosynthesis.?” While PIPI blends
moderately influenced both genes, the data suggest
that WPI more effectively facilitates amino acid
absorption and lipid metabolism regulation. Our
study demonstrated that whey protein hydrolysate
significantly downregulated the expression of
SREBF2, a key transcription factor involved in
cholesterol biosynthesis, compared to more modest
reductions observed with PIPI-blend 1 and PIPI-blend
2. This suggests a greater potential for whey protein
to suppress endogenous cholesterol synthesis.
Additionally, all protein treatments upregulated
the expression of PepT1 (SLC15A1), a peptide
transporter essential for di- and tripeptide absorption
in the intestine. These findings align with existing
studies demonstrating that high-quality protein
diets enhance PepT1 expression, likely driven by
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increased availability of bioactive peptides and
amino acids released during digestion. For example,
in a recent 2025 study, ultrasonicated pea protein
hydrolysates produced inhibitory peptides like SPR
and YPR, which were transported via PepT1 but
degraded by brush border peptidases, while others
like YPHYR (bioactive peptide) remained partially
intact and were ATP-dependent transported.
These findings highlight how plant proteins can be
important sources of bioactive peptides capable of
modulating metabolic pathways.? Similar trends
have been reported in animal models, where dietary
supplementation with protein hydrolysates elevated
PepT1 expression in the intestinal tissues of fish
and poultry, further supporting the regulatory role of
protein quality in nutrient absorption and cholesterol
metabolism.2:30

These results highlight the role of protein-derived
peptides in modulating cholesterol-related pathways,
potentially via mTOR and MAPK signalling, as well
as interaction with cholesterol transporters such as
ABCA1. Transporters such as SLC38A9 (arginine
transporter) and SLC6A15 (leucine and branched-
chain amino acid transporter) mediate amino acid
influx across the plasma membrane, initiating
downstream signaling. In conditions of amino acid
scarcity, sensors like CASTOR1 and Sestrin bind
to and inhibit GATOR2, a positive regulator of
mTORC1. However, upon amino acid sufficiency,
these sensors dissociate, permitting GATOR2 to
activate GATOR1, a GTPase-activating protein,
which ultimately facilitates the enlistment of mMTORC1
to the lysosomal membrane and its subsequent
activation.?' Activated mTORC1 enhances protein
synthesis and upregulates amino acid transporter
genes via ATF4-dependent transcription, consistent
with our finding of increased SLC15A1 (PepT1)
expression, which likely augments peptide and
amino acid uptake.®? Furthermore, hyperactivation
of mTORCH1 initiates a feedback mechanism that
suppresses Akt phosphorylation, thereby reducing
phosphorylation of Insig proteins.** Unphosphorylated
Insig remains bound to SCAP, preventing cleavage
and activation of SREBPs. As a result, SREBP2
remains sequestered in the endoplasmic reticulum,
signaling cellular cholesterol sufficiency and leading
to the observed downregulation of SREBF2.34
These interconnected regulatory networks provide
a plausible mechanistic basis for the differential
gene expression patterns observed in our protein-
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treated Caco-2 cells. Taken together, our findings
indicate that the superior bioavailability and
regulatory effects of WPI arise from its higher EAA
content, minimal racemization during processing,
and the presence of bioactive peptides capable
of stimulating intestinal transporters like PepT1.
This enhanced peptide uptake likely facilitates
rapid postprandial increases in plasma amino acid
levels, which in turn may activate mTOR and MAPK
signaling pathways that influence lipid metabolism,
as reflected by reduced SREBF2 expression and
potential modulation of cholesterol synthesis. In
contrast, PIPI blends show lower bioavailability,
likely due to anti-nutritional factors and racemization
of NEAAs during alkaline extraction, which may
disrupt peptide structure, reduce transporter affinity,
and impair absorption kinetics. These compositional
and processing differences between animal and
plant-derived protein isolates appear to translate
directly into differential gene expression patterns
and metabolic responses, highlighting the critical
interplay between protein source, processing
methods, and downstream physiological effects.
A limitation of our work is the reliance on in vitro
Caco-2 models, which, while informative, may not
capture the full complexity of human digestion and
metabolism. While peptides are generally more
functional than free amino acids due to their bioactive
sequences, this study did not characterize peptide
hydrophobicity or size. Future studies should employ
additional analyses, such as RP-HPLC and SEC,
could evaluate peptide profiles to better link structure
to function. Collectively, the findings support the use
of PIPI blends as functional dietary components have
promising metabolic benefits. However, WPI remains
superior in EAA delivery and gene regulatory impact,
reinforcing the potential of combining plant and
animal proteins to optimize health outcomes. At
this point, we have primarily focused on evaluating
the digestibility, amino acid bioavailability, and
cytotoxicity of the PIPI blends. Additional research,
including in vivo experiments, protein level validation
and metabolomics analyses, are needed to elucidate
the mechanisms governing amino acid absorption
and utilization, to comprehensively understand
the bioavailability and physiological impacts of
plant-derived protein isolates, and to explore
whether combining plant and animal proteins could
synergistically optimize both amino acid delivery and
lipid metabolic outcomes.
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Conclusion

This study compared two plant protein isolate blends
(PIPI-blend 1 and 2) with whey protein isolate (WPI),
revealing that WPI had higher essential amino acid
bioavailability and stronger gene modulation, while
PIPI-blends demonstrated superior solubility, cell-
supportive activity, and non-essential amino acid
uptake. These findings point to the complementary
strengths of whey and plant proteins, emphasizing
the potential of tailored protein blends to meet
diverse nutritional, functional health needs that
supports sustainable strategies for muscle health
and cholesterol regulation. The conclusions are
limited by the in vitro nature of the study and the
comparatively lower bioavailability of EAA in PIPI
blends hydrolysates. Future in vivo investigations are
needed to fully assess the nutritional implications of
these blends in real-world dietary contexts.
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