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Abstract

Background and Objective: Diabetes mellitus is a long-term disorder characterized
by the body’s inability to regulate excessive blood glucose levels. The incidence of
diabetes mellitus worldwide has significantly increased in recent decades. In addition
to careful regulation of food quantities, improving food quality through the
consumption of functional foods that do not trigger glucose spikes is also
recommended. Accordingly, the aim of this research is to determine the potency of
antidiabetic functional food derived from the fermentation of A2 cow's milk with
higher B-casein content using Lacticaseibacillus rhamnosus RAL43.

Material and Methods: This study involved in vitro assays to test the inhibitory
activity against diabetes-related enzymes, namely a-glucosidase, a-amylase, and
dipeptidyl peptidase-4 (DPP4), followed by molecular docking simulations.

Results and Conclusion: The results of the study showed inhibitory activity against
enzymes that trigger blood glucose spikes, namely 66.35% against a-glucosidase,
68.87% against a-amylase, and 10.69% against DPP4. The results of the analysis
showed an increase in the quantity of peptides after fermentation, along with the results
of the analysis of L. rhamnosus RAL43 which showed high proteolytic activity during
fermentation. After ultrafiltration, it was found that the greatest inhibitory activity
came from protein with molecular weight (MW) larger than 10 kDa. The amino acid
sequencing process with high-resolution liquid chromatography-mass spectrometry
then showed bioactive peptides, including VLVLDTDYK which was previously
reported to show DPP4 inhibitory activity, along with many other peptides that display
various specific bioactivities. The VLVLDTDYK peptide fragment was successfully
docked and positioned in the DPP4 molecule through molecular docking simulations.
This study concluded that A2 milk can be a functional substrate to produce specific
bioactive peptides that inhibit enzymes that trigger blood glucose spikes that have a
negative impact on diabetes. L. rhamnosus RAL43 can be developed as a proteolytic
isolate and starter culture to produce foods with functional properties that can aid in
blood glucose regulation.
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What is “already known” on this
topic:

> Functional foods, especially fermented dairy, yield bioactive peptides that inhibit
carb-digesting enzymes; A1/A2 milk shows differences.

> A2 milk fermentation with Indonesian LAB isolates is novel with potential to release
unique, enzyme-inhibiting peptides.

> Antidiabetic peptides from fermented dairy had been reported, while A2 milk and
Indonesian LAB roles were unclear.
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What this article adds:

> L. rhamnosus RAL43 in A2 milk releases bioactive peptides inhibiting o-

glucosidase, a-amylase, &DPP4, with VLVLDTDYK validated via molecular docking.

> Our findings link A2 [B-casein to L. rhamnosus RAL43’s proteolytic activity,
advancing functional food development.

> A2 milk fermentation yields bioactive peptides for glycemic control, supporting
prediabetes/T2DM prevention.

1. Introduction

Diabetes mellitus (DM) has emerged as a significant
global health issue. It is a persistent condition marked by
increased blood glucose levels, typically above 180 mg.dL"
1 Under normal circumstances, the hormone insulin
regulates blood glucose levels by converting glucose into
energy for cells. However, in individuals with diabetes, the
body either does not produce enough insulin or cannot use
it effectively to control blood glucose levels. According to
data released by the International Diabetes Federation, Type
2 Diabetes Mellitus (T2DM) is the most common form
globally and continues to increase significantly each year.
The primary causes of T2DM include being overweight and
obese, often due to an unbalanced diet and lack of physical
activity. T2DM typically does not exhibit critical symptoms
in its early stages, causing many individuals to remain
unaware of their condition. Chatterjee et al. [1] and Antar et
al. [2] identified a prediabetic phase that precedes full-
blown diabetes. With proper prevention and management
during the prediabetic phase, T2DM can still be avoided. In
principle, individuals with T2DM must consistently avoid
high blood glucose levels, particularly postprandial spikes
[1,2]. Besides careful control of dietary quantity, improving
diet quality through the consumption of functional foods
that do not trigger glucose spikes is also recommended.
Foods or beverages that offer health benefits are referred to
as functional foods. Antidiabetic functional foods have been
reported to originate from fermented products containing
probiotics and/or bioactive compounds that inhibit digestive
enzymes involved in carbohydrate breakdown into glucose,
including a-amylase, a-glucosidase, and dipeptidyl
peptidase-4 (DPP4) [3-5]. Functional foods with antidia-
betic activity are considered a promising alternative for
managing T2DM without the side effects often associated
with pharmaceutical treatments [6].

Digestive enzyme inhibitors operate through various
mechanisms. The enzymes a-amylase and a-glucosidase
break down complex carbohydrates into simple sugars for
absorption in the intestines. Inhibiting these enzymes helps
slow glucose absorption and prevents postprandial blood
glucose spikes [7]. Meanwhile, the DPP4 enzyme plays a
critical role in blood glucose regulation by degrading
incretin hormones such as GLP-1 (glucagon-like peptide-1)
and GIP (glucose-dependent insulinotropic polypeptide).

This degradation can suppress insulin secretion and burden
the pancreas. DPP4 inhibitors are thought to prevent incretin
breakdown, thereby maintaining normal glucose levels and
enhancing insulin sensitivity [8]. Enzyme inhibitors
targeting a-amylase, a-glucosidase, and DPP4 have been
reported in the form of short-chain peptide fragments
produced through proteolytic processes, either via enzy-
matic hydrolysis or microbial fermentation [9-11]. These
peptide-based inhibitors are thought to function as
competitive inhibitors by attaching to the enzyme’s active
site, preventing substrate binding, and thereby slowing
down the buildup of glucose in the blood [12]. Other
reported types of enzyme inhibitors include flavonoids,
terpenoids, phenolic acids, tannins, alkaloids, and xanthones
[10,13]. However, this study will focus specifically on
exploring peptide-based inhibitors produced through
fermentation by lactic acid bacteria (LAB) isolates.

Once the bioactivity data are obtained and the peptide
sequences with potential inhibitory effects are identified, the
next step is to perform molecular docking. Molecular
docking is a crucial and efficient method for exploring the
potential bioactivity of inhibitory peptides. It provides a
strong scientific basis prior to biological testing, accelerates
the screening process, and helps focus the research on the
most promising peptide candidates [14]. This computational
approach allows for the modeling and prediction of molec-
ular interactions between candidate peptides and target
enzymes. In this study, molecular docking is used to
generate preliminary data supporting the hypothesis that the
identified peptides may possess inhibitory activity against
the target enzyme.

Fermented dairy products using LAB have been reported
to exhibit antidiabetic potential [3,15,16]. Although not
classified as therapeutic drugs, these products are
considered effective as functional foods for diabetes preven-
tion and management [7,17]. LAB have a significant
advantage due to their proteolytic activity, enabling the
breakdown of proteins into short-chain peptides. Dairy
products fermented with LAB are well recognized as rich
sources of bioactive peptides that exhibit antidiabetic,
antioxidant, antihypertensive, cholesterol-lowering, and
various other functional effects [18-20]. In this study, three
lactic acid bacteria isolates (Lacticaseibacillus (L.)
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rhamnosus RAL27, Limosilactobacillus fermentum RAL29,
and L. rhamnosus RAL43) previously isolated from
Indonesian kefir grains [21], will be used to ferment A2-
type cow’s milk. In recent years, A2 milk has been
introduced. This type of milk was first commercialized in
New Zealand and has since been marketed in several
countries [22]. The main differences between Al and A2
milk lie in the amino acid composition and B-casein. Al -
casein contains histidine at position 67, while A2 p-casein
contains proline at the same position [23]. These subtle
differences can affect human digestion and metabolism.
Some studies suggest that A1 milk may be associated with
gastrointestinal discomfort and symptoms similar to lactose
intolerance. A study by Choi et al. [24] found that
participants consuming Al milk reported more bloating and
abdominal pain compared to those consuming A2 milk. The
release of B-casomorphin-7 (BCM-7), a peptide derived
from A1 B-casein during digestion, is thought to contribute
to these symptoms. Some epidemiological studies suggest
that A1 milk may be correlated with an increased risk of
heart disease due to its inflammatory effects [23]. Conver-
sely, A2 milk may offer cardioprotective effects, although
further clinical trials are needed to validate these findings.
A possible link between A1 milk consumption and the onset
of type 1 diabetes has been proposed. A study by Kay et al.
[23] suggests that early exposure to Al milk may be
associated with an increased risk of developing autoimmune
conditions, possibly due to an immune response triggered
by B-casomorphin-7 (BCM-7). With increasing health and
wellness awareness, consumer demand for A2 milk has
increased significantly. Many dairy companies have begun
marketing A2 milk as a healthier alternative to Al milk,
capitalizing on its perceived benefits. This shift reflects a
broader trend toward personalized nutrition and the
importance of understanding genetic variation in food
choices.The fermentation of A2 milk is expected to generate
a new and unique peptide profile. Digestive conditions can
influence the stability and absorption of peptides produced
by A2 milk fermentation. Many peptides are biodegradable,
so only peptides of a certain size or structure are retained.
Smaller peptides may persist, while larger ones tend to
break into fragments. Some bioactive peptides (e.g., DPP4
or a-glucosidase inhibitors) have been shown to remain
active even after simulated in vitro digestion, but their
persistence varies depending on sequence and structure
[7,25]. However, not all peptides identified in vitro will
persist into the systemic circulation. However, local activity
in, for example, (a-glucosidase inhibition) is expected to
remain relevant, even if the peptide is not absorbed in large
quantities from the gut. Therefore, this study aims to
determine the potential of antidiabetic functional food
derived from the fermentation of A2 cow’s milk using lactic
acid bacteria isolates, and to evaluate it through in vitro

inhibitory activity tests against key diabetes-related
enzymes: a-glucosidase, a-amylase, and DPP4, followed by
binding simulation analysis.

2. Materials and Methods

2.1. Material

This study used three isolates from Indonesian kefir
grains: L. rhamnosus strain RAL27, Limosilactobacillus
fermentum strain RAL29, and L. rhamnosus strain RAL43.
The A2 milk (KIN Fresh Milk, Jakarta, Indonesia) and
Mann Rogosa Sharpe broth (Himedia) were used as growth
media. The chemicals used included a-glucosidase from
Saccaromyces cerevisiae (Sigma-Aldrich Co.), a-amylase
from from porcine pancreas (Sigma-Aldrich Co.), DPP4
inhibitor screening kit (Sigma-Aldrich Co.) included DPP4
enzyme from human, o-phthalaldehyde (Sigma-Aldrich
Co.), p-Nitrophenyl a-D-glucopyranoside (PNPG; Sigma-
Aldrich Co.), phenolphthalein (Himedia), Folin-Ciocalteu
reagent (Sigma-Aldrich Co.), trichloroacetic acid (Himed-
ia), methanol (Himedia), ethanol (Merck), sodium carbonate
(Himedia), sodium pyrophosphate (Himedia), -mercapto-
ethanol (Merck), acarbose (Merck), Sitagliptin (Sigma-
Aldrich Co.), phosphoric acid (Himedia), phosphate buffer
saline (PBS; Himedia), 0.22uM filter membrane (Aijiren),
and membrane filter 3.000 and 10.000 Da (Spin-X® UF
Concentrators, Corning).

2.2 Isolates preparation

Isolates of L. rhamnosus strain RAL27, L. fermentum
strain RAL29, and L. rhamnosus strain RAL43 were
refreshed in Mann Rogosa Sharpe broth (MRSB) and
incubated at 37°C for 48 h. Cultivation in MRSB was carried
out 2 times and then the three isolates were adapted to A2
milk, by inoculating the isolates as much as 2% into A2
milk, then incubated at 37°C for 48 h. This process was also
carried out 2 times.

2.3 Fermentation process

The fermentation process refers to the research of Yusuf
et al. [26]. The isolate was inoculated to A2 milk at concen-
tration of 2% from 5 log CFU.mL™? starter. Incubation was
conducted aerobically at 37°C for 24 h. The fermented milk
obtained was characterized by assessing the total viability
of LAB, pH value, acidity, aromatic profile, and coagulation
properties. Subsequently, the fermented milk was centr-
ifuged at 8000xg for 5 min at 4°C, leading to the separation
of curd and whey. The whey, located in the upper layer, was
carefully collected and subjected to a second centrifugation
at the same conditions. The whey was subsequently passed
through a 0.22 um membrane filter to prepare it for further
analysis.
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2.4 Acidy analysis of fermented A2 milk product

The sample’s pH was determined with a pH meter (Laqua
pH1100, Horiba Scientific, Kyoto, Japan). The pH meter
was calibrated with buffer solutions of pH 4.0 and 7.0. The
acidity measurement using the acid-base titration method.
Total of 1 mL sample diluted with 10 mL of sterile water.
Afterward, 13 drops of phenolphthalein indicator were
added, followed by titration of the sample with 0.05 N
NaOH solution. The titration's end point was indicated by
the development of a consistent pink color. Total acid was
calculated according to the Eq.1.

Total acid (% lactic acid) =
[ Volume NaOH xNormalitas NaOH XMr lactic acid

]1x 100
Eq.l

Volume sample x1000

2.5 Proteolytic activity assay

Proteolytic activity testing refers to the report of Celik et
al. [27] with modifications. The isolate was first cultured in
MRSB and incubated at 37 °C for 24 h. Cells were harvested
by centrifugation (5000xg, 5 min), washed twice with
phosphate-buffered saline, and adjusted to an OD600 of 0.1
+ 0.005. The resulting suspension was inoculated into 5 mL
of sterile A2 milk and incubated at 37 °C for another 24 h.
Following incubation, the sample was mixed with 10 mL of
0.72 N trichloroacetic acid and 1 mL of distilled water,
allowed to stand for 10 min, and then filtered through
Whatman No. 1 paper. From the filtrate, 5 mL was
combined with 10 mL of Na,CO3z—NasP,O7 solution, after
which 3 mL of diluted Folin—Ciocalteu reagent was added.
The mixture was stirred until a blue color appeared,
centrifuged (3000xg, 3 min), and the clear supernatant was
analyzed spectrophotometrically at 650 nm. Tyrosine served
as the standard for constructing the calibration curve to
determine proteolytic activity.

2.6 Preparation of whey fraction by ultrafiltration
Purification using ultrafiltration refers to Yusuf et al.
[26]. Whey was fractionated using a centrifugal tube
containing 3 and 10 kDa filter membranes. Treatment
carried out: 15 mL of supernatant was put into a 10 kDa
centrifuge tube, then centrifuged (8000xg; 5 min). From this
process, 2 parts of the solution will be obtained, namely
those that pass the filter and those that do not pass the filter.
The solution that passes the filter will contain molecules
measuring <10 kDa and those that do not pass the filter will
contain Protein with molecular weight >10 kDa. For the
solution that passes the filter, it is put into a 3 kDa centrifuge
tube and centrifuged again. So that 3 solutions are obtained:
(1) supernatant contains molecules measuring >10 kDa, (2)
supernatant contains molecules measuring <10 to >3kDa,
and (3) supernatant contains molecules measuring <3 kDa.
All solutions are added with distilled water up to 15 mL

according to the initial volume. After that it is ready for
further analysis.

2.7 The a-glucosidase inhibitor assay

The a-glucosidase inhibitor assay refers to the study of
Son et al. [28]. The reaction mixture in this assay consisted
of a blank control (B0), a blank (B1), a sample control (S0),
and a sample solution (S1). The S1 solution was prepared
by combining 150 pL of PBS (pH 7.4), 75 pL of 20 mM p-
nitrophenyl a-D-glucopyranoside, and 25 pL of sample,
followed by incubation at 37 °C for 10 min. Subsequently,
50 pL of 0.2 U.mL* a-glucosidase enzyme was added and
the mixture was incubated again at 37 °C for 10 min. In
contrast, the SO solution was prepared without the addition
of the a-glucosidase enzyme. To terminate the reaction, 1
mL of 0.1 M Na,COsz; was added to each mixture. The
absorbance of all solutions was then recorded at 405 nm
using a microplate reader (iMark, Bio-Rad Co.). After the
absorbance value was obtained, the percentage of a-
glucosidase inhibitor activity was calculated according to
the Eq.2.

a-glucosidase inhibitor activity (%) =
S1-S0

[1- (31-30)] x 100 Eq. 2

where By is blank control solution, B is blank solution, So
is sample control solution, and S; is sample solution.

2.8 The a-amylase inhibitor assay

The a-amylase inhibitory assay was performed following
the method of Sato et al. [29]. Briefly, 50 uL of sample was
mixed with 50 pL of a-amylase solution (1 mg.mL™?) and
incubated at 25 °C for 10 min. Next, 50 pL of starch solution
(20 mg.mL? in PBS) was added and the mixture was
incubated at 37 °C for another 10 min. Subsequently, 100
pL of 3, 5-dinitrosalicylic acid was added, and the mixture
was heated at 95 °C for 5 min. After cooling, 1500 pL of
distilled water was added, and the mixture was centrifuged
at 5000xg. An aliquot of 200 pL was transferred into a 96-
well plate, and absorbance was measured at 540 nm.
Acarbose at 50 ppm served as the positive control. The
percentage of a-amylase inhibitory activity was then
calculated using the Eq.3.

a-amylase inhibitor activity (%) =
[(Ac - (As - Ap)) = Ac] x 100% Eq. 3

where As is the absorbance of the sample. Ay is the
absorbance of the blank. A is the absorbance of the
acarbose (control).

2.9 The DPP4 inhibitor assay

The DPP4 inhibitory activity was assessed using a
modified version of the method described by Yan et al. [5].
In a 96-well microplate, 25 pL of gly-pro-p-nitroanilide (0.2
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mM) was combined with either 25 pL of bacterial sample,
PBS (as control), or sitagliptin (as reference inhibitor),
followed by preincubation at 37 °C for 10 min.
Subsequently, 50 puL of DPP4 enzyme (0.01 U.mL™) was
added, and the mixture was incubated at 37 °C for 60 min.
The reaction was terminated by adding 100 pL of sodium
acetate buffer (1 M, pH 4.0). Fluorescence intensity was
then recorded using a microplate reader (Varioskan™ LUX,
Thermo Fisher, Massachusetts, USA) at an excitation
wavelength of 360 nm and an emission wavelength of 460
nm. All measurements were performed in triplicate, and
absorbance values were corrected against blanks prepared
by substituting DPP4 with Tris—HCI buffer (100 mM, pH
8.0). Negative controls (without DPP4 activity) and positive
controls (DPP4 activity without inhibitor) were also
included, using Tris—HCI buffer in place of the sample or
the enzyme, respectively. The percentage inhibition of
DPP4 activity was then calculated using the Eq. 4.

DPP4 inhibitor activity (%) =
[1 _ Abs sample—Abs sample blank ]

x 100 Eq. 4

Abs control positive—Abs control negative

2.10. Identification of peptides

The method used refers to Yusuf et al. [26] with
modifications. ldentification using Thermo Scientific™
Dionex™ Ultimate 3000 RSLCnano UHPLC coupled with
Thermo Scientific™ Q Exactive™ High Resolution Mass
Spectrometer. Nano Pump: A= Water + 0.1% Formic Acid
and B= Acetonitrile + 0.1% Formic acid. Analytical
Column: EASY-Spray column, 15 cm x 75 uM ID, PepMap
C18, 3 um. Flow: 100 pL.mint, Injection volume: 5 pL.
Run time: 60 minutes gradient. Full MS at 70,000 FWHM
Resolution. Data Dependent MS2 at 17,500 FWHM. Easy
Nano Spray lonization and positive mode. Protein
identification by Thermo Scientific™ Proteome Discoverer
2.2 Software.

2.11 Molecular docking simulation and binding site
Molecular docking analysis was performed using the
ClusPro webserver, which provides a dedicated peptide-
protein docking feature. In this study, DPP4 was designated
as the receptor protein, while the peptide VLVLDTDYK
functioned as the ligand. The peptide-protein complex was

Table 1. Characteristics of fermented A2 Milk (37°C, 24 h)

selected based on the largest cluster generated by ClusPro’s
docking algorithm [30]. The resulting complex structure
was visualized using PyMOL and LigPlot+, and the binding
affinity was evaluated using the PRODIGY webserver
[31,32].

2.12 Statistical analysis

Each analysis was conducted in triplicate, and the results
are presented as mean * standard deviation. Data were
statistically analyzed using SPSS software (SPSS Inc.)
through one-way analysis of variance (ANOVA) followed
by Duncan’s multiple range test (DMRT). A p-value of less
than 0.05 (P < 0.05) was considered statistically significant.

3. Results and Discussion

3.1 Profile of pH value and total acidity

The strains L. rhamnosus RAL27, Limosilactobacillus
fermentum RALZ29, and L. rhamnosus RAL43, when
inoculated into A2 milk, exhibited normal growth. This was
evidenced by their viability, which ranged from 8.68 t0 9.11
log CFU.mL", post-fermentation pH values ranging from
4.43 to 4.66, pH changes (ApH) between 2.14 and 1.37, and
titratable acidity between 0.65% and 0.74% (Table 1). All
of these parameters are consistent with typical
characteristics of fermented milk products. Comparison
with previous studies [26,32,33] revealed no significant
differences, with pH values after 24 hours of LAB
incubation typically ranging from 3.8 to 4.8 and titratable
acidity from 0.6% to 1.6%. These results confirm that A2
milk serves as an appropriate substrate for the growth of all
three LAB isolates and holds potential as a starter culture
for producing fermented milk or yogurt-like functional
products. To assess whether the three LAB isolates could
hydrolyze A2 milk proteins, their proteolytic activity was
measured. The results showed that L. rhamnosus RAL27, L.
fermentum RAL29, and L. rhamnosus RAL43 exhibited
proteolytic activity in the range of 0.16 to 0.21 mg
tyrosine.mL! after 24 h at 37°C (Table 1). Compared to the
findings of Celik et al. [27], who reported proteolytic
activity between 0.05 and 0.2 mg tyrosine.mL™ after 3672
hours of incubation, the values observed in this study are
relatively high, especially considering the shorter
fermentation time.

Isolates (Io;/igtliillJi.%l'l) ?ﬁéefy'ryééfnaﬁ%vﬂﬁy) pH ApH* Ac(i;)i)ty
Lacticaseibacillus rhamnosus RAL43 9.03+0.112 0.21 4.43+0.042 2.37 0.68+0.03?
Limosilactobacillus fermentum RAL29 9.11+0.492 0.16 4.66+0.022 2.14 0.74+0.072
Lacticaseibacillus rhamnosus RAL27 8.68+0.202 0.19 4.64+0.042 2.16 0.65+0.05%

*PHunfermented — PHrermented mitk. *Letter in superscript meant significant difference (p<0.05). CFU meant colony forming units
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3.2 Proteolytic activity

This study did not include experiments to determine the
optimal time and temperature for achieving maximum
proteolytic activity. However, 37°C is widely recognized as
the optimal temperature for LAB growth [33]. Nielsen et al.
[25] also noted that the level of proteolytic activity does not
necessarily correlate with the production of bioactive
peptides, as specific bioactivities depend more on cleavage
at the correct peptide bonds. In fact, excessively high
proteolytic activity can be undesirable, as it may lead to
complete breakdown into free amino acids rather than the
formation of short-chain peptides. For LAB strains selected
as starter cultures, a moderate level of proteolytic activity is
considered desirable, since excessive protein breakdown
can lead to the production of biogenic amines (organic
molecules formed through amino acid decarboxylation) that
may provoke allergic responses [27].

LAB can produce proteolytic enzymes both intra-
cellularly and extracellularly, depending on substrate
availability and favorable environmental conditions [34-
36]. The nutrition label of the A2 milk used in this study
indicated a protein content of 3 g.100 mL, which is
presumed sufficient to activate the LAB proteolytic system.
This system involves transport mechanisms that facilitate
the uptake of nitrogen sources by the cell, proteinases that
initially hydrolyze milk proteins into peptides, and
peptidases that subsequently degrade these peptides into
smaller fragments and free amino acids [35,37,38]. This
explains the ability of LAB to efficiently degrade proteins
such as casein, resulting in the release of short-chain
peptides and amino acids used in bacterial metabolism.

3.3 Enzyme inhibitory activity of fermented whey
fractions

After the fermentation process was completed, the whey
fractions from each isolate were collected and analyzed for
their enzyme inhibitory activity. The results showed that all
three isolates exhibited inhibitory effects against a-
glucosidase, a-amylase, and DPP4 enzymes, with varying
degrees of effectiveness (Figure 1). The measurements were
validated using positive controls: acarbose for a-glucosidase
and a-amylase, and sitagliptin for DPP4.

RALA43 exhibited the strongest a-glucosidase inhibitory
activity (66.35%), followed by RAL27 (60.18%) and
RAL29 (58.07%). Although these values were significantly
lower than the inhibition level of 200 ppm acarbose
(89.25%), RAL43 exhibited significantly stronger
inhibition than RAL27 and RAL29. For a-amylase
inhibition, RAL43 again showed the highest activity at
68.87%, followed by RAL27 (65.69%) and RAL29
(64.71%), with RAL43 differing significantly from the other
two isolates. In contrast, DPP4 inhibitory activity was
relatively low in all samples, with RAL43 at 10.69%,
RAL29 at 9.02%, and RAL27 at only 1.67%. Once again,
RAL43 exhibited significantly greater inhibition compared
to the other isolates.

100 ¢
® g-glucosidase inhibitor activity G, 89/25 .
%0 r ® g-amylase inhibitor activity c; 85/98
80 b B:66/35 dipeptidyl peptidase-4 inhibitor activity d: 70/81
! b; 68/87 & 64171 3 e‘:z_s/eg il
S A; 58/07gues A; 60/18
> 60 F -
=
S 50 |
S
S 40
=
o
- 30 F
20 c; 10/69
10
0

L. rhamnosus RAL 43

L. fermentum RAL 29

L. rhamnosus RAL 27 Acarbose & Sitagliptin

(control positive)

Figure 1. Inhibitory activity of a-glucosidase, a-amylase, and DPP4 from whey fraction. A%Ccdl etter in superscript meant significant

difference (p<0.05)
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These results indicate that RAL43 demonstrated the
highest inhibitory activity across all three digestive enzymes
tested. Interestingly, although RAL43 and RAL27 both
belong to the species L. rhamnosus, their enzyme inhibitory
performance varied considerably. This difference may be
attributed to variations in their proteolytic activity. Notably,
RALA43 exhibited higher proteolytic activity than RAL27,
which could have led to the release of more bioactive
peptides with enzyme-inhibitory properties. Yan et al. [5]
also emphasized that the bioactivity of microbial strains is
often strain-specific and not solely determined by species
identity

The observed DPP4 inhibition (~10%) is modest
compared to pharmaceutical standards. However, the
purpose of this study was to provide proof-of-concept that
A2 milk-derived peptides generated by L. rhamnosus
RAL43 can exert measurable inhibitory activity.
Importantly, the same fermented product demonstrated
strong inhibition of a-glucosidase (66.35%) and a-amylase
(68.87%), which are key enzymes in postprandial glucose
regulation. This suggests that, while DPP4 inhibition alone
may appear limited, the combined inhibitory effects on
multiple enzymes can act synergistically to provide
meaningful functional benefits. Further optimization of
fermentation conditions or peptide concentration could
enhance these outcomes.

3.4 Investigation of bioactive peptides with enzyme
inhibitory activity

Since L. rhamnosus RAL43 exhibited the highest and
significantly different enzyme inhibitory activity compared
to the other two isolates, its whey fraction was selected for
further analysis to identify the bioactive peptides

a; 0

<3t 1 a; 4/78
= [ A; 9192
g
g | a; 2/65
g 10to3 } — a; 4/94
2 [ A; 11/86
g
= ‘b

>10 | b —

responsible for the inhibition. The whey fraction obtained
from RAL43 was processed through ultrafiltration
membranes with molecular weight cut-offs of 3 kDa and 10
kDa.

The results showed that the >10 kDa fraction had the
highest a-glucosidase inhibitory activity (36.33%), which
was significantly different from the 10-3 kDa fraction
(11.86%) and the <3 kDa fraction (9.92%). A comparable
pattern was found in a-amylase and DPP4 inhibition, with
the >10 kDa fraction showing the greatest activity compared
to the other fractions (Figure 2). Ultrafiltration essentially
separates molecules by size, which may lead to a dilution or
loss of bioactivity. Notably, DPP4 inhibitory activity was
undetectable in the <3 kDa fraction. These findings suggest
that the majority of enzyme-inhibiting bioactive compounds
in the RAL43 whey fraction are likely larger than 10 kDa.

Previous studies have frequently reported that enzyme-
inhibitory bioactive peptides are generally found in lower
molecular weight fractions [39-41]. The observation that
the >10 kDa fraction of RAL43 whey exhibited the highest
enzyme-inhibitory activity contrasts with previous reports,
which generally associate bioactive peptides with lower
molecular weight fractions (<10 kDa). Smaller peptides are
typically considered more effective inhibitors due to their
higher solubility and ability to access enzyme active sites.
The unexpected activity in the >10 kDa fraction suggests
that the active compounds in RAL43 whey may consist of
larger peptides, protein-derived complexes, or even non-
peptide molecules, indicating a distinct inhibitory
mechanism compared to those commonly described in the
literature.

dipeptidyl peptidase-4 inhibitor activity (%)
a-amylase inhibitor activity (%)
= g-glucosidase inhibitor activity (%)

——' B; 36.33

0 10 20 30 40

50 60 70 80 90 100

Inhibitor activity (%)

Figure 2. Bioactivity of metabolite fractions from L. rhamnosus RAL43. A2Bbb | etter in superscript meant significant difference (p<0.05)
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3.5. Proteomic screening of the >10 kDa fraction by LC-
HRMS

Proteomic screening of the >10 kDa fraction successfully
revealed a variety of peptide fragments, each identifiable by
its retention time and relative abundance. The complete data
are presented in Figure 3. Each chromatographic peak
corresponds to a distinct peptide component, and peak
intensity directly correlates with peptide concentration in
the sample. Protein profiling results are shown in Table 2,
indicating that p-casein was the main source of peptides
(referred to as the mother protein), along with contributions
from B-lactoglobulin and a-lactalbumin. Based on the
UniProt database, a total of 12 proteins were detected, each
with an average molecular weight above 10 kDa. Hydrolysis
of these proteins generated unique peptide sequences
ranging from 200 to 800 Da, appearing at retention times
between 1 and 21 minutes.

To assess the potential bioactivity of the identified
peptides, we conducted an extensive search through various
peptide functionality databases and scientific literature. This
analysis identified five peptide fragments previously
reported as DPP4 inhibitors. However, no confirmed a-
glucosidase or a-amylase inhibitory peptides were detected
in the dataset. This finding raises the possibility that the a-
glucosidase and a-amylase inhibition observed in the
RAL43 fraction may originate from non-peptide bioactive
compounds, warranting further investigation into such
molecules.

Additionally, 14 other peptide fragments were identified,
each associated with diverse bioactivities, including
hypocholesterolemic, splenocyte proliferation stimulation,
antimicrobial, ACE-inhibitory, antioxidant, immunomodul-
atory, opioid, antianxiety, and antithrombotic effects (Table
3). These peptides reflect the bioactive potential of L.
rhamnosus RAL43 when fermented in A2 milk. Such
findings highlight the potential of these peptides for use in
the development of functional foods or novel, natural
therapeutic agents.

60 17 60 21.86

Relative Abundance

1221 14.25

3.5 Molecular docking analysis

From the proteomic screening results, five candidate
peptides were identified as potential DPP4 inhibitors:
TPEVDDEALEK, TPEVDDEALEKFDK, VLVLDTDYK,
ILDKVGINYWLAHK, and VGINYWLAHK. Among
these, the peptide VLVLDTDYK was selected for
molecular docking due to its moderate length (nine amino
acids), making it suitable for processing with ClusPro. The
peptide was input together with its motif sequence
(VLVLDTD[FY]K).

Ten docking poses generated under the Balanced and
VdW-+Electrostatic modes are shown in Figures 4. In the
balanced mode results, which shown by the orange
rectangle, are successfully docked and located in DPP4
(grey cartoon) at each cluster. The first to the last cluster
position order starts from the top left corner to the bottom
right corner, respectively, and give 66, 53, 36, 34, 24, 23,
22, 19, 17, 16 cluster sizes, respectively. Whereas, in the
Vdw-+electrostatic mode results, which shown by the
turqoise green rectangle, are successfully docked and
located in DPP4 (grey cartoon) at each cluster. The first to
the last cluster position order starts from the top left corner
to the bottom right corner, respectively, and give 62, 42, 41,
38, 32, 31, 37, 25, 18, 17 cluster sizes, respectively.

The conformations with the highest probability of
occurrence (located in the first cluster of each mode) were
selected for further analysis. These representative complex
models were then visualized using PyMOL (Figure 5),
where each peptide docked at different binding locations on
the DPP4 protein. Detailed residue-level interactions
between the peptide and protein were analyzed using
LigPlot+ (Figure 6). The medium orchid-colored stick and
the purple-colored finger-like shape represent DPPIV
residues as a receptor protein, while the dark-blue stick
represents VLVLDTDYK peptide as a ligand. The sticks
always establish hydrogen and/or salt bridge (electrostatic)
interaction, while the finger-like shape corresponds
hydrophobic interaction of protein residues with peptide’s
atoms.

. | 2614 2934 3246 3460 3552 3776 4153 43,06 4523 4663 4829 4950 5370 5653 58.59
) g o § e T g L L L L e T L I LI L L LN T |
0 2 4 & & 10 12 14 16 18 20 2 24 26 28 3 32 34 3B 38 40 42 44 46 48 50 52 54 % 5% 60
Time (min)

Figure 3. Proteomic screening fraction >10 kDa from L. rhamnosus RAL43 by LC-HRMS
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Table 2. Profile of L. rhamnosus RAL43 hydrolysate on A2 Milk (fraction >10 kDa)

Amino acid MW

No Master protein Accession residucs (kDa) Unique peptides

1 Beta-lactoglobulin A0A4W2DRY6 236 26.2 TPEVDDEALEKFDKALK,
IPAVFKIDALNENKVYVEELKPTPEGDLEILLQK
TKIPAVFKIDALNENK,ALKALPMHIR
VAGTWYSLAMAASDISLLDAQSAPLR
ITAEKTKIPAVFK, IDALNENK
ALPMHIR, TPEVDDEALEK
VLVLDTDYKK, TKIPAVFK
TPEVDDEALEKFDK, VLVLDTDYK
IDALNENKVLVLDTDYKK
IDALNENKVLVLDTDYK

2 Alpha-lactalbumin A0A4W2CWHS 171 19.3 ILDKVGINYWLAHK
VGINYWLAHK

3 Beta-casein A0A6GS5Q819 76 18.5 HKEMPFPKYPVEP
HKEMPFPK
EMPFPKYPVEP

4 Kappa-casein AO0A4W2EWSS5 190 21.2 YIPIQYVLSR
SPAQILQWQVLSNTVPAK

5 Alpha-S1-casein AO0A4W2EWY4 214 24.5 FFVAPFPEVFGK
YLGYLEQLLR
HIQKEDVPSER

6 Ig-like domain-containing A0A4W2EWT77 259 29.1 INKKIEK

protein HKEMPFPK

7 a-1-acid glycoprotein AO0A4W2FI10 106 11.3 AIQAAFFYLEPR

8 Prostaglandin-H2 D-isomerase AO0A4W2FFCS 202 23.1 SLGFTEEGIVFLPK
MATLYSR

9 Alpha-S2-casein A0A4W2DVCS 191 21.2 LTEEEKNR
AMKPWIQPK

10 Keratin 84 AOA6P5BZ34 222 26 LALDIEIATYR

11 Milk fat globule-EGF factor 8 A0A4W2D316 593 64.1 NIFETPFQAR

protein
12 Zinc finger protein 30 homolog A0A4W2GFXS5 572 63.5 KLFQVKDICEMSFSQWEIMER

isoform X1

Table 3. Peptides with potentials of bioactivity from L. rhamnosus RAL43 hydrolisates on A2 Milk (fraction >10 kDa)

Retention time

Peptides m.z* (Da) (min) Bioactivity References

TPEVDDEALEK 623.298 8.627

TPEVDDEALEKFDK 818.393 11.169

VLVLDTDYK 597.345 9.699 DPP4 Inhibitory [42-45]

ILDKVGINYWLAHK 557.323 21.391

VGINYWLAHK 600.833 13.505

VYVEELKPTPEGDLEILLQK 1157.138 16.455 Hypocholesterolemic [46]
Stimulates muring splenocyte

ALKALPMHIR 575.349 14.247 proliferation [47]

IDALNENK 458.741 4.4377 o

HKEMPFPK 338513 13.416 Antimicrobial [48]

ALPMHIR 279.830 11.039

FFVAPFPEVFGK 692.871 17.463 ACE-inhibitory [49]

AMKPWIQPK 549.812 9.735

HKEMPFPKYPVEP 533.608 17.730

HIQKEDVPSER 446.567 9.022 o

EMPFPKYPVEP 667.330 13.309 Antioxidant [45,50,51]

VGINYWLAHK 600.833 13.505

YIPIQYVLSR 626.363 14.439 Immunomodulator; Opioid [52]

YLGYLEQLLR 634.359 17.942 Antianxiety [53]

LTEEEKNR 509.762 1.5305 Antithrombotic [54]
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Figure 4. Peptide VLVLDTDYK poses in (A) Balanced mode results (yellow cartoon) and (B) Vdw-electrostatic mode results (red cartoon).

on the left side, from

Figure 5. Each peptide from the both mode display different site location along DPP4 (grey) inhibition. The peptide

Balanced mode (greencyan) display at protein surface site with little exposure from the unidentified cavity. While the peptide, on the right

side

from VdW+Elec mode (purpuleblue) display in other unidentified protein cavity.
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Figure 6. Interacting residues are visualized by LigPlot+ for each mode: (A) Balanced and (B) VdW+Elec.

The peptide-protein complex in the Balanced mode
formed hydrogen bonds through interactions between
Arg40 and His533 (protein) and Leu95 and Asp96 (peptide).
In the VdW+Electrostatic mode, hydrogen bonds were
formed between Arg471 and 11e407 (protein) and Asp96 and
Lys100 (peptide). Hydrophobic interactions in the Balanced
mode involved several residues, including Pro475, Asp501,
Leu504, Met509, Pro510, Ser511, Phe534, and Phe559,
while in the VdW+Electrostatic mode, only Leu57 and
Serd73 participated in maintaining complex stability.
Notably, salt bridges were observed only in the
VdW-+Electrostatic complex, formed by oppositely charged
residues: Asp96-Arg471 and Lys100-Glu408.

Despite these interactions, the peptide VLVLDTDYK
was not found to bind at DPP4’s known hydrophobic pocket
or active site. Binding affinity predictions using PRODIGY

(Table 4) classified both docking models within the
moderate affinity category (10™° M > Kd > 107® M) [55].
These findings may explain the relatively low DPP4
inhibition observed in vitro, suggesting that high inhibitory
activity requires peptide binding at the designated active
site.

Interestingly, the VdW+electrostatic mode, which does
not utilize a reference state for conformational scoring [56],
produced comparable docking results to the balanced mode.
Thus, predictions from both modes are considered valid
approximations. Furthermore, these results suggest that
alternative or unidentified binding cavities may contribute
to DPP4 inhibition, albeit with weaker activity. According
to UniProt data, the detected binding regions are not located
in sterically hindered areas that would preclude inhibitory
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function, supporting their potential involvement in
modulation of DPP4 activity.

This study shows that the VLVLDTDYK peptide is able
to interact with the DPP4 enzyme through multiple binding
modes, but not at the main active site. This accounts for the
reduced inhibitory effectiveness and suggests that effective
DPP4 inhibitors need to interact directly with the enzyme’s
active site to achieve stronger activity. This is in line with
previous findings that binding at the active site is necessary
to achieve high inhibition activity [57,58], as indeed
peptides that do not bind directly to the active site tend to
have lower inhibition activity, even though they may
interact with other areas on the enzyme.

This study has certain limitations. The peptide analysis
focused primarily on VLVLDTDYK, while other identified

candidates such as TPEVDDEALEKFDK were not
subjected to comparable molecular docking evaluation. This
narrow focus may limit the comprehensiveness of the
findings, as different peptides could exhibit distinct binding
affinities, interaction profiles, or inhibitory mechanisms
toward DPP4, potentially overlooking stronger or more
biologically relevant inhibitors. In addition, the present
work was restricted to in vitro and in silico approaches
without in vivo validation, leaving questions about
bioavailability, stability, and physiological efficacy
unanswered. Future research should therefore extend
docking and interaction analyses to all candidate peptides
and include in vivo studies to confirm their biological
relevance and therapeutic potential.

Table 4. The binding affinity of peptide VLVLDTDYK is based on resulting mode

Peptide Mode AG (kcal.mol™) Kd (M)
VLVLDTDYK Balanced -8.2 9.7x 1077
VdW+Elec -8.4 6.9x 1077

4. Conclusion

A2 milk can be a functional substrate to produce specific
bioactive peptides that inhibit enzymes responsible for
blood glucose spikes associated with prediabetes and
T2DM. Molecular docking results corroborated the in vitro
enzyme inhibition data, confirming that peptides from A2
milk fermented with L. rhamnosus RAL43 can effectively
bind and inhibit DPP4 and other glucose-regulating
enzymes, thereby supporting their potential as functional
food components for glycemic control. Future research
should include quantitative peptide yield determination,
simulated gastrointestinal digestion to assess peptide
stability, bioavailability studies, and in vivo or clinical trials
to evaluate their physiological impact, safety, and dietary
relevance.
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