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Abstract

A standardized extract of cultured Lentinula edodes mycelia (ECLM) has been reported to enhance innate and
acquired immunity and suppress chronic inflammation. The present study revealed that the aqueous extract
of ECLM significantly enhanced the phagocytic activity of J774A.1 macrophages. After fractionation, 23 distinct
2,5-diketopiperazines (DKPs) were identified in the active fraction, of which 12 were detected at concentrations
>1 umol/kg or L in various samples from rats after oral administration of ECLM at 0.5 and 1.0 g/kg. These bioavail-
able DKPs did not suppress phagocytosis in LPS-stimulated macrophages, whereas DKPs significantly suppressed
LPS-induced NO and IL-6 productions. In the absence of LPS, these DKPs significantly enhanced phagocytosis in
macrophages to levels similar to those achieved by the calcium sensing receptor (CaSR) allosteric agonist R-568,
which was partially abolished by the CaSR allosteric antagonist NPS-2143. These facts indicate that DKPs in ECLM
have dual roles in promoting innate immune responses without inducing proinflammatory responses, possibly via
allosteric CaSR activation.
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1. Introduction

Mushroom mycelia have a root-like structures that typically grows
in soil or wood. A standardized extract of cultured Lentinula
edodes mycelia (ECLM) is a functional food ingredient obtained
through the standard culture process of the mycelia (Shin et al.,
2019). ECLM has been widely recognized for its therapeutic po-
tential as a complementary and alternative medicine (CAM) for
patients with hepatitis, cancer, and infectious diseases (Matsui et
al., 2002; Kawaguchi, 2009; Yin et al., 2010; Smith et al., 2022).
A human cohort study reported that ECLM ingestion improved the

survival periods and recurrence periods of patients with hepatic
carcinoma who had undergone surgery (Matsui et al., 2002). Re-
cently, ECLM has been shown to be effective in supporting the
host immune system to eliminate persistent human papilloma virus
(HPV) infections (Smith et al., 2022). In addition, ECLM supple-
mentation enhanced the innate immune response to primary influ-
enza infection (HIN1) (Ritz et al., 2006).

It has been reported that ECLM contains polysaccharides, such
as acylated a-1,4 glucans, and amino acids, peptides, vitamins, and
minerals (Sato and Kashimoto, 2017). Several animal and human
studies have reported that ECLM exerts immune-enhancing ef-
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fects on monocytes, dendritic cells (DC), T cells, and natural killer
(NK) cells, and promotes anti-inflammatory activity (Daddaoua
et al., 2007; Terakawa et al., 2008; Lee et al., 2012; Kogiso et
al., 2015; Chowdhury et al., 2019; Shin et al., 2019; Singh et al.,
2023). These activities have been linked to the beneficial effects
in patients with cancer and viral infections. The immune-enhanc-
ing effects are suggested to be mediated by partially acetylated
o-glucan via toll-like receptors (TLRs); however the exact bioac-
tive compounds responsible for the dual immune-enhancing and
anti-inflammatory activities remain unknown (Mallet et al., 2016).

The innate immune system serves as the body’s first line of de-
fense and plays a vital role in recognizing and eliminating patho-
gens (Wu et al., 2024). However, only a few studies have specifi-
cally focused on the role of ECLM in modulating macrophages,
which are central players in innate immunity (Daddaoua et al.,
2013). Derived from circulating monocytes, macrophages differ-
entiate into subtypes, such as M1 and M2, each with distinct func-
tions. M1 macrophages, in particular, are known for their ability
to eliminate pathogens, virus-infected cells, and malignant cells
through phagocytosis, a critical immune process for eliminating
harmful pathogens or abnormal cells (Chen et al., 2023). Mac-
rophages also act as mediators between the innate and adaptive im-
mune systems, influencing T and NK cells through antigen presen-
tation and the production of cytokines and low—molecular weight
signaling molecules such as nitric oxide (NO) (Chen et al., 2023;
Dash et al., 2024). However, during persistent immune activation,
macrophages can contribute to chronic inflammation through the
overproduction of NO and proinflammatory cytokines such as
interleukin-6 (IL-6), interleukin 1B (IL-1B) and tumor necrosis
factor-a (TNF- o) (Kim and Lee, 2025). Therefore, modulating
macrophage functions—particularly enhancing phagocytic activ-
ity while regulating their inflammatory response—through food-
derived bioactives, such as those in ECLM, presents a promising
strategy for preventing non-communicable and communicable dis-
eases. However, the effects of ECLM on macrophage phagocytosis
have not been examined, although its anti-inflammatory activity
has been reported (Daddaoua et al., 2007; Tanaka et al., 2014).

Our preliminary experiments showed that the aqueous extract
of ECLM enhanced the phagocytosis of beads in J774A.1 mac-
rophage-like cells. The objectives of this study were to identify the
bioactive compounds responsible for the phagocytosis-enhancing
activity of ECLM and to evaluate their bioavailability and effects
on lipopolysaccharides (LPS)-stimulated production of inflamma-
tory mediators such as NO and IL-6. This study provides important
insights into the potential of ECLM-derived bioactive compounds
as immunomodulators and supports their application in functional
foods and nutraceuticals.

2. Materials and methods
2.1. Sample and reagents

Standardized ECLM was obtained from Amino Up (Sapporo, Hok-
kaido, Japan). This product, in the powder form, is commercially
available as AHCC®. Fetal bovine serum (FBS) was obtained from
Biowest (Nuaillé, France). Penicillin—streptomycin mixture, trypsin
solution (2.5 g/L in 1 mM EDTA), RPMI 1640 medium, and HPLC-
grade acetonitrile were obtained from Nacalai Tesque (Kyoto, Ja-
pan). Calcium-sensing receptor (CaSR) allosteric antagonist (NPS-
2143) and agonist (R-568) were purchased from Selleckchem
(Houston, TX, USA). Gentamicin was obtained from Gibco-Ther-
mo Fisher Scientific (Waltham, MA, USA). Mouse IL-6 ELISA kit

was purchased from Invitrogen-Thermo Fisher Scientific (Waltham,
MA, USA). A mixture of amino acid standards (Type H), phenyl
isothiocyanate (PITC), trypan blue staining solution, and LPS were
purchased from Fujifilm Wako Pure Chemical (Osaka, Japan).
9-Fluorenylmethyloxycarboxynyl (Fmoc)-amino acids, and Fmoc-
amino acid-bound resins (Wang resin, Alko resin, and Trt(2-Cl)-
resin) were purchased from Watanabe Chemical Industries (Hiro-
shima, Japan). All other reagents were of analytical grade or higher.
Purified water from a Mili-Q® system (Merck Millipore, Darmstadt,
German) was used for the study.

2.2. Fractionation of compounds in the aqueous extract of ECLM

ECLM was mixed with water to yield a 10% (w/v) suspension and
vortexed for a few minutes and centrifuged at 10,000 x g for 5
min at 5 °C. The supernatant was considered the aqueous extract
of ECLM. The aqueous extract was then mixed with three times
the volume of ethanol, making it a 75% (v/v) ethanol system. The
mixture was allowed to settle for 1 h, and the soluble and pre-
cipitated fractions were separated using centrifugation 10,000 x
g for 5 min at 5 °C. Compounds in the 75% ethanol-soluble frac-
tion were further fractionated using a strong cation exchanger, AG
SOW- x8 resin (hydrogen form; Bio-Rad Laboratories, Hercules,
CA, USA) according to a previously described method (Aito-In-
oue et al., 2006). The resin was packed into a spin column (Ultra-
free® MC-SV, 5-um pore size, Merck Millipore) and equilibrated
with 50% acetonitrile-water solution. An aliquot of the ethanol-
soluble fraction (200 pL) was passed through a spin column. The
non-adsorbed fractions were collected and designated as AG50
non-adsorbed fractions. After washing the spin column with 50%
methanol (200 pL), the bound compounds were eluted with 200
pL of 7.5 M ammonium hydroxide containing 50% methanol (five
times) and used as the AG50 adsorbed fraction.

The 75% ethanol precipitate was dissolved in water at the same
initial volume as the aqueous extract. The AG50 non-adsorbed and
adsorbed fractions of the 75% ethanol-soluble fraction were spin
dried and reconstituted in water at the same initial volume as the
aqueous extract.

2.3. Identification of compounds in the AG50 non-adsorbed
fraction

The AG50 non-adsorbed fraction was clarified by filtration
through a 0.45-um pore size filter (Cosmonice, 4 mm i.d., Nacalai
Tesque). An aliquot of the filtrate (10 pL) was subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using
an LCMS-8040 (Shimadzu, Kyoto, Japan). The compounds in the
samples were separated by reverse-phase HPLC (RP-HPLC) using
an ODS-3 column (2.1 mm x 250 mm, GL Science, Tokyo, Japan).
The mobile phase consisted of solvent A (0.1% formic acid) and
solvent B (0.1% formic acid in 80% acetonitrile). The gradient elu-
tion program was as follows: 0-15 min, B 0-50%; 15-20 min, B
50-100%; 20—22 min, B 100%; 22-22.1 min, B 100-0%; 22.1-30
min, B 0%. The flow rate was maintained at 0.2 mL/min and the
column temperature was set at 40 °C. Detection of compounds in
the effluent was carried out by a total ion scan in the positive ion
mode of the MS, scanning the following range of mass-to-charge
ratios (m/z): 100-150, 150-200, 200-225, 225-250, 250-275,
275-300, 300-400, 400-500, and 500—-1,000. Precursor ions cor-
responding to major peaks were further analyzed in product ion
scan mode at collision energies of —15, —25, and —35 eV using
same elution conditions. The structure of the amino terminal—-
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blocked linear peptides was estimated based on m/z of the precur-
sor ions, immonium ions, and peptide-derived product ions (a, b,
¢ and X, y, z ions) (Papayannopoulos, 1995). Structures of cyclic
peptides (diketopiperazines, DKPs) were estimated based on m/z
of product ions, immonium ions, and DKP-specific fragment ions
(m/z 98.0, 113.0, 125.0) (Nagao et al., 2024).

2.4. Synthesis of peptides and DKPs

Proline-based DKPs identified in the ECLM were synthesized ac-
cording to the method described by Nagao et al. (2024) using an
automated solid-phase peptide synthesizer (PSSM-8, Shimadzu,
Japan) based on Fmoc chemistry. Briefly, proline-based DKPs
were efficiently generated via cyclization by cleaving the peptide
from X-Pro-Wang/Alko-resins using trifluoroacetic acid (TFA) ,
where X represents any other amino acid residue. Non-proline—
based DKPs were prepared from linear dipeptides with methyl-
esterified carboxyl groups. The carboxyl groups of the linear
peptides were methyl-esterified by catalysis of AG50 (Nagao et
al., 2024). DKPs were generated by heating the methyl-esterified
peptides at 98 °C in fert-butanol for 3 h.

DKPs were purified using RP-HPLC on a Cosmosil MS-II col-
umn (10 mm X 250 mm, Nacalai Tesque). The binary mobile phase
system consisted of solvent A (0.1% formic acid) and solvent B
(0.1% formic acid in 80% acetonitrile). The gradient elution pro-
gram was: 0-20 min, B 0-50%; 20-30 min, B 50-100%; 30-35
min, B 100%; 35-35.1 min, B 100-0%; 35.1-45 min, B 0%. Flow
rate was 2 mL/min, and column temperature was maintained at
45 °C.

Purified DKPs were quantified after hydrolysis with 6 M HCI
at 150 °C under vacuum for 1 h. Amino acids in the hydrolysates
were derivatized with PITC according to the method described by
Bidlingmeyer et al. (1984) and analyzed using RP-HPLC (Nagao
et al., 2024) to determine the concentration of each synthesized
DKP. Stock solutions were then diluted to working concentrations
of'1, 10, and 100 uM. When added to the culture medium, the final
concentrations of each DKP for treatment were 0.01, 0.1, and 1
uM, respectively. y -glutamyl-valine (y-EV) was also prepared fol-
lowing the method described by Rahmadian et al. (2025).

2.5. Animal experiments

Animal experiments were conducted at the Louis Pasteur Cent-
er for Medical Research (Shimadzu, Kyoto, Japan) in accord-
ance with the standards established by the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals. All
experimental procedures were approved by the Animal Care Com-
mittee of the Louis Pasteur Center for Medical Research (approval
no. 2023-1). Male Wistar/ST rats (6-week old; 150-170 g body
weight) were purchased from Japan SLC (Shimadzu, Kyoto, Ja-
pan) and acclimatized under controlled environmental conditions
(24-26 °C, 40-60 % humidity, 12-h light/dark cycle) for 1 week.
During the acclimatization period, rats were fed the MF (mainte-
nance formula/feed) diet (12 mme pellets, 359 kcal/100 g, Oriental
Yeast, Tokyo, Japan) and had free access to water. Rats (average
body weight, 168 g) were fasted overnight for 16 h before the ex-
periment. Distilled water was used as a vehicle control (n = 3).
ECLM was prepared as a 10% (w/v) aqueous extract, as described
in Section 2.2, administered orally at doses of 0.5 g and 1.0 g/
kg body weight of rats. Rats were anesthetized using isoflurane,
followed by dissection 30, and 60 min after administration of ve-
hicle or ECLM (n = 3 per group). Blood was collected from the

portal and abdominal vein (inferior vena cava), and plasma was
obtained using centrifugation (800 x g, 10 min, 4°C) in the pres-
ence of heparin. The stomach and small intestine were collected,
and their luminal contents were flushed with 10 mL of PBS. The
collected plasma and luminal effluents from stomach and small
intestine were mixed with three times the volume of ethanol, and
the supernatants were collected after centrifugation (12,000 x g, 10
min, 5 °C) and stored at —80 °C until analysis. The small intestine
was divided into three equal-length sections: anterior, mid, and
posterior parts. Approximately, 100 mg of tissue from the center
of each section was excised and homogenized with an equal vol-
ume of PBS (v/w) using a BioMasher II (Nippi, Tokyo, Japan).
After thorough homogenization, three times the volume of ethanol
were added to each homogenate. The mixture was vortexed and
incubated on ice for 10 min, followed by centrifugation at 12,000
x g for 10 min at 5 °C. The resulting supernatants were carefully
collected and stored at —80°C until further analysis.

2.6. Quantification of DKPs

DKPs levels in ECLM and in blood and tissue samples from rat
were determined using LC-MS/MS in the multi-reaction monitor-
ing (MRM) mode. The synthesized DKPs were used to optimize
the MRM conditions using LabSolutions LCMS Ver.5.5 (Shimad-
zu). The elution conditions were the same as those used for the
total ion scan mode of the LC-MS/MS described in Section 2.3.
Aliquots of the 75% ethanol supernatants (100 pL) from plasma,
luminal contents of the stomach and small intestine, and tissue ex-
tracts were spin-dried and dissolved in water (100 puL). A 10-uL
aliquot of each sample was injected into the LC-MS/MS.

2.7. Cell culture

Frozen J774A.1 cells in a cryovial were obtained from the Japa-
nese Collection of Research Bioresources Cell Bank (JCRB, Osa-
ka, Japan) and stored at —80 °C. The cells were thawed in a water
bath at 37 °C and maintained in a cell culture dish (100 mm i.d.)
in RPMI 1640 medium supplemented with 10% FBS, and 0.1%
of the following antibiotic stock solutions: penicillin—streptomycin
mixture, and 10 mg/mL gentamicin. Cell cultures were maintained
in a humidified incubator at 37 °C with 5% CO, until 70-80% cell
confluence was achieved. Cells were then harvested by trypsiniza-
tion using four fold—diluted trypsin solution with PBS for 3 min,
followed by centrifugation at 1,000 x g for 5 min. The cell pellet
was resuspended in serum-free RPMI 1640 medium. To count live
cells, a 50-uL aliquot of the cell suspension was collected and an
equal volume of trypan blue staining solution (0.4% trypan blue
in PBS) added. Non-stained cell numbers were counted using a
hemocytometer. In the following experiments, the FBS was used
after removing low—molecular weight compounds <6 kDa using
size exclusion chromatography with an Econo-Pac 10DG (Bio-
Rad Laboratories) column, according to the method described by
Asai et al. (2020), which is referred to as SEC-FBS in the follow-
ing section.

Prior to the NO production and phagocytosis experiments, ef-
fects of LPS (0.1, 1.0, 10 pg/mL) and DKPs (1 pM) on viability
of J774A.1 were examined. Using a 96-well microplate, 100 uL
of complete medium containing the SEC-FBS and LPS (0.0, 0.2,
2.0, 20 pg/mL) in the presence and absence of a mixture of DKPs
(1 uM of each DKP; cyclo-Gly-Pro [¢GP], cyclo-Ser-Pro [cSP],
cyclo-Thr-Pro [c¢TP], cyclo-Asn-Pro [cNP], cyclo-Asp-Pro [cDP],
cyclo-Ala-Pro [cAP], cyclo-Pro-Pro [cPP], cyclo-Ala-Val [cAV],
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Figure 1. Effects of aqueous extract of cultured Lentinula edodes mycelia (ECLM) and its fractions on the phagocytic activity of J774A.1 cells. (a) Repre-
sentative images of J774A.1 cells incubated with beads and samples for 24 h. (b and c) Percentage of cells engulfing 0, 1-9, or >10 beads. Data are shown as
mean * SD. Different letters (anc) indicate significant differences between groups (Tukey’s post hoc, p < 0.05). n.d. represents not detected; EtOH, ethanol;

AG50-ads, adsorbed, AG50 non-ads, non-adsorbed

cyclo-Ile-Pro [cIP], cyclo-Leu-Pro [cLP], cyclo-Val-Pro [cVP],
and cyclo-Asp-Leu [c¢DL]) was added to each well. Then, 5x103
cells in 100 pL of medium without LPS and DKPs were added to
all wells and mixed gently. After 24 h of incubation, live cells were
manually counted as described above. All tests were performed in
triplicate. Viability of cells treated with the DKP mixture was also
examined by the water-soluble tetrazolium salt (WST)-8 method
using a CCK-8 reagent (Dojindo Laboratories, Kumamoto, Japan).
The same number of cells was incubated for 24 h in the medium
containing the same DKP mixture at a final concentration of 0.0,
0.01, 0.1, 1.0, and 10.0 uM of each DKP. Cell numbers were es-
timated from the standard curve using absorbance at 450 nm and
known cell numbers.

2.8. Phagocytosis assay

The effect of the aqueous extract of ECLM and its fractions on
phagocytosis in J774A.1 was examined. J774A.1 suspension
(500 pL) in the complete medium containing 10% SEC-FBS was
seeded in tissue culture plates (0.25 x 10° cells/well in a 24-well
plate) and incubated overnight at 37 °C to ensure full adherence
prior to treatment. After the overnight incubation, the cell medi-
um was replaced with 500 pL of the complete medium contain-
ing 10% SEC-FBS, sample, and latex beads suspension (3.0 pm

mean particle size, LB30-1mL, Sigma-Aldrich, Merck), resulting
in a final concentration of 0.5 uL/mL latex beads in the medium.
After a 24-h incubation, phagocytosis was terminated by washing
cells five times with cold PBS, and cells were fixed using 10%
paraformaldehyde. Cell images were captured using an Olympus
IX73 inverted microscope equipped with the cellSens Standard
software (Olympus, Tokyo, Japan). The number of cells contain-
ing beads was manually counted. Aqueous extracts of the ELCM,
ethanol-soluble and precipitate fractions, and AG50 adsorbed and
non-adsorbed fractions of the ethanol-soluble fraction were used
as samples. All samples were dissolved into water, as mentioned
previously. Sample stock solutions were then added to the medi-
um. The concentration of each sample in the medium is shown in
the legend of Figure 1, presented in terms of the amount of ECLM
used to prepare each fraction.

Next, the effects of mixtures and individual DKPs in the pres-
ence of LPS on phagocytosis in J774A.1 were examined. To the
medium, LPS and DKPs mixtures were added to achieve a final
concentration of 0.1 pg/mL LPS, and 0.1 and 1.0 pM of each
DKP. A J774A.1 cell suspension (300 pL) in the complete medi-
um containing 10% SEC-FBS and DKPs mixture in the presence
and absence of LPS was seeded in tissue culture plates (0.125 x
106 cells/well in a 48-well plate) and incubated overnight at 37 °C
for 24 h to prime the cells. Then, the medium was replaced with
300 pL of fresh complete medium containing beads, giving a final
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concentration of 0.5 uL/mL of beads in the medium, and incubat-
ed for a suitable time. The composition of the DKP mixture was
determined based on bioavailability, hydrophobicity, and the pres-
ence of proline residue. The constituent DKPs in the mixtures are
shown in the figure legends. Furthermore, in the absence of LPS,
effects of each DKP on phagocytosis in the absence and presence
of'the CaSR allosteric antagonist, NPS-2143, were examined. The
CaSR allosteric agonist, R-568, was also added to the medium in
the absence of DKPs. Another food-derived peptide, y-EV, was
added to the medium in the presence or absence of NPS-2143.
Phagocytosis was terminated as described earlier. Images of fixed
cells were analyzed using a cell counting software (ITAH601K-
TU22C0010; ITAGE, Nagoya, Japan). The software detected the
numbers of beads inside the cells, but not those outside, and ena-
bled the quantification of cell numbers with 0-9 beads and those
with more than 10.

2.9. NO production

To evaluate NO production, 300 and 500 pL of the cell suspension
in complete medium were seeded in cell culture plates; 0.125 x 106
cells/well in a 48-well plate or 0.25 x 10° cells/well in a 24-well
plate, respectively, and incubated overnight at 37 °C to ensure full
adherence prior to treatment. J774A.1 cells were stimulated with
the fresh complete medium containing 10% SEC-FBS, 0.1 pg/mL
LPS in the presence or absence of DKP mixtures and each DKP.
Culture media were collected at suitable intervals. NO concentra-
tions in the media were quantified by measuring the nitrite con-
tent using a Griess reagent (0.1% N-1-naphthylethylenediamine
dihydrochloride and 1% sulfanilamide in 5% phosphoric acid) and
incubating at room temperature for 10 min. Absorbance at 550 nm
was measured using a microplate reader. Sodium nitrite (NaNO,)
served as the standard.

2.10. IL-6 protein levels

Cell culture supernatants were collected from J774A.1 macrophag-
es treated with individual DKPs in the presence and absence of
LPS. Protein levels of IL-6 in the medium was quantified us-
ing commercially available mouse IL-6 ELISA kit according
to the manufacturer’s instructions. Briefly, ELISA plates were
coated with 100 pL/well of capture antibody (1x) and incubated
overnight at 4°C without shaking. Following coating, wells were
washed twice with 400 pL/well of wash buffer, allowing 10-15
seconds of soaking per wash, and excess buffer was removed.
Wells were then blocked with 200 pL/well of ELISA diluent
(1x) and incubated at room temperature for 1 h. Standard solu-
tion was prepared, and two-fold serial dilutions were performed
to generate a 7-point standard curve plus a blank. After block-
ing, 100 uL of each standard and sample solution was added to
designated wells, and the plates were sealed and incubated on a
microplate shaker at 400 rpm for 2 h at room temperature. Fol-
lowing incubation, wells were washed four times and 100 pL of
detection antibody (1x) was added to each well. Plates were then
incubated on a shaker at 400 rpm for 1 hour at room temperature.
Subsequently, wells were washed five times before adding 100
pL of enzyme solution (1%) per well, followed by incubation on
a shaker at 400 rpm for 30 min at room temperature. After five
additional washes, 100 uL of TMB substrate solution (1x) was
added to each well and incubated at room temperature for 15-30
min without shaking, until the highest standard developed a dark
blue color. The reaction was stopped by adding 100 pL of stop

solution (1x) to each well, and absorbance was measured at 450
nm, with 620 nm as reference for background subtraction when
available. Protein concentrations of IL-6 in the samples were de-
termined from the standard curve.

2.11. Statistical analyses

Animal experiment, NO and IL-6 assays were performed in tripli-
cates (n=3). For phagocytosis analysis, three wells were used for
each condition. An average of 10 images was captured from each
well. The average numbers of cells with 0—9 and more than 10
beads from 10 images were used as the values for each well. Data
are presented as average + standard deviation (SD). Statistical
comparisons were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test to eval-
uate the differences between groups. Comparisons between two
groups were performed using the 7-test. The significance threshold
was set at p <0.05. All analyses were performed using a GraphPad
Prism (version 6.04, GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effects of aqueous extract of ECLM on phagocytosis

Figure 1a shows representative images of J774A.1 cells incubated
with beads and the aqueous extract of ECLM or its fractions for
1 day. As mentioned earlier, the sample concentrations in the me-
dium are presented in terms of the amount of ECLM used to pre-
pare each fraction. Addition of the aqueous extract at 0.01 % in the
medium significantly increased the number of cells engulfing 1-9
and >10 beads compared with the control group (Figure 1b). At
doses of 0.1 and 1.0 %, the total number of cells engulfing beads
was not significantly different compared with that at the 0.01 %
dose; however, at 1.0 %, the number of cells engulfing more than
10 beads was significantly higher compared with that of the other
doses (Figure 1b). These findings indicated that the aqueous ex-
tract of ECLM can enhanced phagocytosis in J774A.1.

To estimate the type of compounds responsible for this effect,
compounds in the aqueous extract of ECLM were fractionated
by ethanol precipitation, followed by solid-phase extraction us-
ing a strong cation exchanger. As shown in Figure lc, the 75%
ethanol-soluble fraction significantly increased the number of cells
engulfing beads, whereas the ethanol precipitate did not, which
indicates that low—molecular weight compounds, rather than high—
molecular weight proteins and polysaccharides, are responsible
for the phagocytosis enhancing effect of ECLM. The strong cation
exchange resin (AG50) non-adsorbed fraction of the 75% ethanol-
soluble sample also showed a more significant increase in the num-
ber of cells engulfing the beads compared to the adsorbed fraction.
This result indicated that the compounds in the non-adsorbed frac-
tion were mainly responsible for the enhanced phagocytic activity
of cells treated with the aqueous extract of ECLM.

3.2. Identification of compounds in the non-adsorbed fraction

Figure 2a shows the total ion chromatograms of the AG50 non-
adsorbed fraction at different scan ranges of mass-to-charge ra-
tio (m/z). Peaks marked with numbers in Figure 2a were further
analyzed using product ion scanning to estimate their structures.
Figure 3a shows representative spectrum assignment of product
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Wagan et al.

Effects of highly bioavailable 2,5-diketopiperazines

a (x100.000.000)

m/z

50-150 1.25 67 89 1
i 3 10

150 — 200 1.00 24

18 }9 20 21 2223 25

200-225 0.75 30 31

40\\ k)

225-250 050 '

41 2 43

250-275 0.25
48

275-300 0.00
5.0 75 10.0 126 15.0

25

20

10

DKP levels (umol/g)

cIP

mm%&m&
358%2h

33 34

cLP
cNP
cDP
cFP
cYP

14
13\ 15 16

2
8
7 ]

38

35 36 37 19

50 51

cAV
cAl
cAL
cSI
cSL
cAF
cDL
cSY
cIF
cLF
cFF

Figure 2. Identification and quantification of 2,5-diketopiperazines (DKPs) in the ECLM. (a) Mass spectrometry (MS) chromatograms of compounds in
the AG50 non-adsorbed fraction of ECLM. Compounds were detected by total ion scan in positive ion mode, covering mass-to-charge ratio (m/z) ranges of
100-150, 150-200, 200-225, 225-250, 250-275, and 275-300. Peaks labeled 1-51 were further analyzed by product ion scan to estimate their structures.
(b) Concentrations of DKP in ECLM (umol/g). DKPs were quantified using LC-MS/MS in MRM mode. Data are shown as mean + SD (n = 3). DKPs: cyclo-Gly-Pro
[cGP], cyclo-Ala-Pro [cAP], cyclo-Ser-Pro [cSP], cyclo-Pro-Pro [cPP], cyclo-Val-Pro [cVP], cyclo-Thr-Pro [cTP], cyclo-lle-Pro [cIP], cyclo-Leu-Pro [cLP], cyclo-Asn-
Pro [cNP], cyclo-Asp-Pro [cDP], cyclo-Phe-Pro [cFP], cyclo-Tyr-Pro [cYP], cyclo-Ala-Val [cAV], cyclo-Ala-lle [cAl], cyclo-Ala-Leu [cAL], cyclo-Ser-lle [cSI], cyclo-
Ser-Leu [cSL], cyclo-Ala-Phe [cAF], cyclo-Asp-Leu [cDL]), cyclo-Ser-Tyr [cSY], cyclo-lle-Phe [cIF], cyclo-Leu-Phe [cLF], and cyclo-Phe-Phe [cFF],

ions. A summary of the estimated structures of each peak, based
on m/z of precursor and product ions, is shown in Table 1. Over-
all, 23 DKPs; 11 pyroglutamyl peptides; and a few formyl, acetyl,
and lactoyl amino acids were identified. In our preliminary experi-
ments, DKPs, rather than pyroglutamyl peptides, showed stronger
activity in enhancing the phagocytosis of J774A.1. Thus, we fo-
cused on DKPs in subsequent phagocytosis analyses. The presence
of the DKPs in the ECLM, listed in Table 1, was confirmed by
comparing the retention times and m/z of the product ions of syn-
thetic DKPs using LC-MS/MS in MRM mode. Figure 3b shows
MS chromatograms for standard cAP and portal vein blood sam-
ples 30 min after administration of ECLM.

Figure 2b shows the DKP contents in ECLM. ECLM contains

not only Proline (Pro) -containing DKPs, such as cAP, cSP, and
cLP but also non-Pro DKPs such as cAV.

3.3. Bioavailability of diketopiperazines in rat

Most DKPs in ECLM, except for cFF and cI/LF, were significantly
increased in the luminal content of the stomach 30 and 60 min
after administration of the aqueous extract of ECLM at both 0.5
and 1.0 g/kg body weight (data not shown). Figure 4 shows the
concentrations of DKPs in the mid-section of small intestine tis-
sue, portal vein blood, and abdominal vein blood before and 30
and 60 min after the administration of ECLM at 0.5 and 1.0 g/kg
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Figure 3. MS chromatogram of representative DKP (cAP) and spectra of product ions. (a) MS chromatogram of cAP in aqueous extract of ECLM in single
ion monitoring mode (m/z=169) and spectra of product ions at collision energy -35 eV and -15 eV. (b) MS chromatograms in MRM mode of standard cAP
(std) and plasma of rats portal blood 30 min after administration of 0.5 and 1.0 g/kg body weight of ECLM (n=3). std cAP means standard cyclo-Ala-Pro;

body weight. Among the 23 DKPs identified in the ECLM aqueous
extract, nine DKPs (cDP, cNP, cGP, cSP, cTP, cAP, cPP, cAV, and
cDL) were present at concentrations higher than 1 umol/kg in the
mid-section of small intestine 30 and 60 min after administration

44

of either dose. Further, nine other DKPs (¢cGP, ¢cSP, cTP, cAP, cPP,
cAV, cIP, cLP, and cVP) exhibited high bioavailability (>1 pM) in
portal vein blood. In abdominal vein blood, the DKPs with high
bioavailability largely reflected those in portal vein blood, except
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Figure 4. DKP levels in rat body 30 and 60 min after oral administration of ECLM (0.5 and 1.0 g/kg body weight). (a and b) Mid-section of the small intes-
tine; (c and d) portal vein blood plasma; (e and f) abdominal vein blood plasma. Data are shown as mean + SD (n = 3), *p < 0.05 (t-test). DKPs: cyclo-Gly-Pro
[cGP], cyclo-Ala-Pro [cAP], cyclo-Ser-Pro [cSP], cyclo-Pro-Pro [cPP], cyclo-Val-Pro [cVP], cyclo-Thr-Pro [cTP], cyclo-lle-Pro [cIP], cyclo-Leu-Pro [cLP], cyclo-Asn-
Pro [cNP], cyclo-Asp-Pro [cDP], cyclo-Phe-Pro [cFP], cyclo-Tyr-Pro [cYP], cyclo-Ala-Val [cAV], cyclo-Ala-lle [cAl], cyclo-Ala-Leu [cAL], cyclo-Ser-lle [cSI], cyclo-
Ser-Leu [cSL], cyclo-Ala-Phe [cAF], cyclo-Asp-Leu [cDL]), cyclo-Ser-Tyr [cSY], cyclo-lle-Phe [cIF], cyclo-Leu-Phe [cLF], and cyclo-Phe-Phe [cFF],

for cAV. The levels of all DKPs in the abdominal vein blood were
lower than those in portal blood. DKPs with high bioavailability
can be classified as hydrophilic DKPs (cDP, cNP, cGP, c¢SP, and
c¢TP), intermediate DKPs (cAP, cPP, and cAV), and hydrophobic
DKPs (cDL, cIP, cLP, and cVP).

3.4. Effects of DKPs on cell viability

Overall, 12 DKPs (cDP, cNP, cGP, cSP, cTP, cAP, cPP, cAV, cIP,
cLP, cVP, and cDL,) with high bioavailability were selected and
mixed to give a final concentration 0.01, 0.1, 1.0 and 10.0 uM
of each DKP. As shown in Figure 5, treatment of J774A.1 mac-
rophages with the DKP mixture at various concentrations had no
adverse effects on cell growth, indicating that the DKPs were non-
toxic.

In contrast, treatment of J774A.1 macrophages with LPS at 0.1,
1.0, and 10.0 pg/mL led to a dose-dependent decrease in viability
(76.1 + 0.8%, 56.5 = 1.8%, and 43.2 + 2.0%, respectively). Co-

Journal of Food Bioactives | www.isnff-jfb.com

treatment with the DKP mixture comprising of 1.0 uM of each
DKP significantly restored cell viability to 98.3 + 2.2%, 92.4 +
2.1%, and 83.8 & 2.5%, respectively. These findings indicate that
DKPs exert a protective effect on J774A.1 under LPS-induced in-
flammatory conditions.

3.5. Effects of DKPs on NO production

Figure 6 presents nitrite levels in the medium of LPS-stimulated
macrophages treated with the DKP mixtures, based on their bio-
availability in the portal and abdominal blood, and small intestinal
tissue. As shown in Figure 6a, NO production (nitrite) was moni-
tored at 2, 4, 8, 12, 24, 36, and 48 h. All DKP mixtures-treated
groups exhibited significant reductions in NO levels compared
with the LPS-only group at 12 and 24 h. While NO levels increased
over 36 h in all groups, this was possibly due to the metabolism
and degradation of the DKPs after prolonged incubation. There-
fore, we performed another experiment using the DKP mixtures at
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Figure 5. Effect of a diketopiperazine (DKP) mixture on the viability of J774A.1 cell. (a) Cells were treated with various concentrations of DKP mixture (0.01, 0.1,
1.0, and 10.0 uM of each DKP) for 24 h; (b) Cells were treated with lipopolysaccharides (LPS) alone (0.1, 1.0, and 10.0 pg/mL) or co-treated with 1 uM DKP mix-
ture alongside each LPS concentration. Data are shown as mean + SD (n = 3), *p <0.05, ¥**p < 0.01, ***p < 0.001 (t-test). n.s. represents no significant difference

different concentrations (0.1 uM and 1 uM) of each DKPs for 12
and 24 h. As shown in Figure 6b, all DKP mixtures significantly
suppressed the LPS-induced NO production both at 12 and 24 h.
There were no significant differences in NO levels between the
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Figure 6. Effects of DKP mixtures on NO production in LPS-stimulated J774A.1 cells. (a and b) DKP mixtures based on bioavailability: PO, abundant in portal
vein-blood DKPs; AB, abundant in abdominal vein-blood DKPs; and SI, abundant in mid-small intestine DKPs. (c) DKP mixtures based on hydrophobicity: HL,
hydrophilic DKPs; IM, intermediate DKPs; and HB, hydrophobic DKPs. (d) DKP mixtures based on presence of proline: PB, proline-based DKPs; and NPB, non-
proline-based DKPs. (e and f) Individual DKPs. Data are shown as mean * SD (n = 3). Different letters (a-d) indicate significant differences between groups

(Tukey’s post hoc, p < 0.05). LPS, lipopolysaccharides
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Figure 7. Effects of DKP mixture on phagocytosis in LPS-stimulated J774A.1 cells. (a) DKP mixtures based on bioavailability: PO, abundant in portal vein-
blood DKPs; AB, abundant in abdominal vein-blood DKPs; and S, abundant in mid-small intestine DKPs. (b) based on hydrophobicity: HL, hydrophilic DKPs;
IM, intermediate DKPs; and HB, hydrophobic DKPs. (c) based on presence of proline: PB, proline-based DKPs; and NPB, non-proline-based DKPs. For PO, AB,
and S|, refer to legend of Figure 6. Data are shown as mean + SD (n = 3). Different letters (a-d) indicate significant differences between groups (Tukey’s post

hoc, p < 0.05). LPS, lipopolysaccharides

Treatments with the three groups of DKP mixtures at both doses
significantly suppressed LPS-induced NO production at 12 and 24
h. However, there was no significant difference in NO levels among
the three groups, indicating that the hydrophobicity of DKPs was
not crucial for suppressing LPS-induced NO production.

It has been reported that DKPs are more easily generated from
proline-containing peptides due to their three-dimensional struc-
ture (Otsuka et al., 2019). DKPs abundantly (=1uM) found in
the body after ingestion of aqueous extract of ECLM were also
grouped into proline—based DKPs (PB: cSP, cAP, and cLP) and
non-proline-based DKPs (NPB: cAV, and ¢cDL). As shown in Fig-
ure 6d, PB-DKPs consistently suppressed NO production at 12 h at
all concentrations than the LPS-only group. No significant differ-
ences were observed among the concentrations. At 24 h, PB-DKPs
at 0.01 and 0.1 uM of each DKP did not significantly reduce the
LPS-induced NO production; however, 1.0 pM PB-DKPs signifi-
cantly reduced NO production (Figure 6a—c). NPB-DKPs at 0.01
and 0.1 uM showed no significant reduction in NO production
at either 12 or 24 h, whereas only the 1.0 pM NPB-DKPs group
showed moderate suppression at both time points.

Furthermore, individual DKPs that were abundantly present in
the body after ECLM administration were tested. As shown in Fig-
ure 6e, 0.1 uM PB-DKPs (cSP, cAP, and cLP) did not significantly
reduce NO production at either 12 or 24 h. However, at 1.0 uM, all
three significantly inhibited LPS-induced NO production. Figure
6f shows that individual NPB-DKPs significantly suppressed LPS-
induced NO production at both concentrations after 12 h; however,
no dose-dependent response was observed, and the values were
significantly higher than those of the negative control without LPS
stimulation. On the other hand, 1.0 uM of individual PB-DKPs
reduced NO production until it was no longer significantly differ-
ent from the negative control after 12 h. At 24 h, individual NPB-

DKPs showed an inhibitory pattern similar to that of the individual
PB-DKPs.

3.7. Effects of DKPs on phagocytosis

As shown in the Figure S1, approximately 95% of J774A.1 cells
that did not receive LPS and DKPs treatments (negative control)
engulfed fewer than three beads, whereas approximately 20% of
LPS-stimulated cells engulfed more than four beads. The percent-
age of cells engulfing four or more beads was used as the phago-
cytic index. The phagocytosis-enhancing activities of DKP mix-
tures—classified based on bioavailability, hydrophobicity, and the
presence of proline, and individual DKPs were evaluated (Figures
7). Phagocytosis was assessed at 4, 12, and 24 h after treatment
with 0.1 or 1.0 uM concentrations of DKPs abundantly present
in portal (PO), abdominal blood (AB), and mid-section of small
intestine (SI). After 4 h, only treatment with LPS and PO-DKP
mixture significantly increased the phagocytic index compared
with that of the negative control (Figure 7a). At 12 h, all DKP mix-
tures significantly enhanced the phagocytic index relative to that
of the LPS-only group, with no significant differences among the
mixtures. At 24 h, only the 1.0 pM PO-DKP mixture maintained a
significant increase in phagocytic index.

The phagocytic activity of the hydrophilic (HL; five DKPs), inter-
mediate (IM; three DKPs), and hydrophobic (HB; four DKPs) mix-
tures in the presence of LPS was examined 24 h after treatment with
0.1 and 1.0 uM of each DKP in the mixture. Treatment did not re-
sult in significant changes in phagocytic index compared to LPS-only
treatment, except for treatment with 1 uM HL (Figure 7b). Similarly,
only treatment with 1.0 pM of the proline—based (PB) DKP mixture
significantly increased phagocytic index (Figure 7c). In contrast, non-
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Figure 8. Effects of individual DKPs on phagocytosis in LPS-stimulated (a) and non-LPS—stimulated J774A.1 cells (b). (a) LPS—stimulated phagocytosis in cells
treated with five highly bioavailable DKPs. (b) Non-LPS—stimulated phagocytosis in cells treated with three proline-based DKPs (1uM). Involvement of CaSR was
assessed by pre-treatment with the CaSR antagonist, NPS-2143, and agonist, R-568. Data are shown as mean + SD. Different letters (a-e) indicate significant
differences between groups (Tukey’s post hoc, p < 0.05). LPS, lipopolysaccharides; cSP, cyclo-Ser-Pro; cAP, cyclo-Ala-Pro; cLP, cyclo-Leu-Pro; y-EV, y -Glu-Val.

proline-based (NPB) DKPs did not have any significant effects.

The effects of individual DKPs on phagocytic activity in the
presence of LPS 24 h after treatment were examined (Figure 8a).
At 0.1 uM, neither PB-DKPs (cSP, cAP, cLP) nor NPB-DKPs
(cDL, cAV) significantly altered the phagocytic index relative to
the LPS-only treatment. However, at 1.0 uM, all PB-DKPs sig-
nificantly enhanced the phagocytic index in LPS-stimulated mac-
rophages, whereas NPB-DKPs did not. These findings indicated
that the presence of proline within DKPs enhanced phagocytosis
in LPS-stimulated macrophages.

To test whether DKPs can act under non-inflammatory condi-
tions, three PB-DKPs (cSP, cAP, and cLP) were applied to mac-
rophages in the absence of LPS. These DKPs increased phagocy-
tosis even in the absence of LPS, suggesting that DKPs promote
phagocytosis via a pathway other than that mediated by LPS (Figure
8b). Treatment with R-568, a CaSR allosteric agonist, significantly
increased phagocytosis. Additionally, NPS-2143, a CaSR antago-
nist, significantly reduced DKP-induced enhancement of phagocy-
tosis. However, DKP-induced phagocytosis was not completely in-
hibited by the CaSR antagonist. For further confirmation, the effect
of y-glutamyl valine (y-EV), a known CaSR activator, on phagocytic
activity was tested. y-EV also enhanced phagocytosis and its activity
was reduced by the CaSR antagonist (NPS-2143). These findings in-
dicate that DKPs found in ECLM enhance phagocytosis in J774A.1
at least partially via the allosteric activation of CaSR.

3.8. Effects of DKPs on LPS-stimulated IL-6 protein secretion

Individual DKPs—cSP, cAP, cLP, cAV, cDL—at a physiologically

relevant concentration (1 uM) significantly attenuated IL-6 secre-
tion by LPS-stimulated macrophages (Figure 9). At 2 h, a very
minimal and negligible increase in IL-6 levels was observed in
LPS-stimulated cells treated with R-568, a known CaSR allosteric
activator, whereas IL-6 were not detected (n.d.) in DKP-treated
samples. At 6 h after LPS stimulation, all DKP-treated mac-
rophages showed a significant reduction in IL-6 levels compared
to LPS-treated macrophages. cLP exhibited the strongest suppres-
sion. Similarly, R-568 treatment also reduced IL-6 levels under
LPS stimulation, supporting the possible involvement of CaSR-
mediated signaling in the anti-inflammatory effects of DKPs.

4. Discussion

ECLM is a standardized extract from the mycelium of the shiitake
mushroom (Lentinula edodes) that has been used in numerous hu-
man clinical trials in patients suffering from cancer and viral infec-
tions yielding positive results. Providing healthy individuals with
ECLM supplements enhances the number and function of natural
killer (NK) cells and T cells, suggesting an immune-enhancing ef-
fect (Shin et al., 2019). Further, ECLM alleviates chemotherapy-
induced side effects and improves liver function in patients with
liver cancer, which has been attributed to its anti-inflammatory
properties (Matsui et al., 2002; Cowawintaweewat et al., 20006;
Daddaoua et al., 2007; Tanaka et al., 2014). It is well known that
immune responses are typically initiated by acute inflammatory
signals mediated by macrophages and other innate immune cells,
whereas chronic inflammation, especially macrophage-mediated
inflammation, can exacerbate pathologies such as hepatitis (Kim
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and Lee, 2025). Therefore, their immunostimulatory and anti-
inflammatory effects are contradictory. However, under normal
physiological conditions, both immune and inflammatory respons-
es coexist in the human body.

In an earlier study, we have shown that an aqueous extract of
ECLM inhibits IL-1p—induced NO production from hepatocytes,
and that adenosine is involved in anti-inflammatory responses
(Tanaka et al., 2014). The present study demonstrates a new func-
tion of ECLM, wherein the aqueous extract of ECLM promotes
macrophage phagocytosis, thereby having potentially enhancing
innate immunity. Fungal polysaccharides, such as B-glucans, are
generally considered to act as ligands for toll-like receptor (TLR)
2/4 and can induce phagocytosis even in the absence of LPS stimu-
lation (Snarr et al., 2017). Crude ECLM has been reported to acti-
vate cytokines and chemokines secretion in monocytes via toll-like
receptor 4/myeloid differentiation primary response 88 (TLR4/
MyDS88) and nuclear factor kappa-light-chain enhancer of acti-
vated B cells/ mitogen-activated protein kinases (NF-kB/MAPK)
pathways (Daddaoua et al., 2013), thereby priming other innate im-
mune cells through interferon (IFN)-y and IL-17 production (Lee
et al., 2012). Indeed, ECLM contains polysaccharides, such as a-
and B-glucans, which have been associated with immunomodula-
tory activity (Mallet et al., 2016; Mathew et al., 2017). However,
when the aqueous extract of ECLM was fractionated by ethanol
precipitation, the soluble fraction—rather than the precipitate frac-
tion—showed stronger phagocytosis-enhancing activity. The solu-
ble and precipitate fractions consisted of low— and high-molecular
weight compounds, such as polysaccharides, respectively. These
results indicate that low—molecular weight compounds, rather than
glucans, in ECLM play a key role in phagocytosis-enhancing ac-
tivity. At least 23 DKPs were identified in the active fraction. After
oral administration of ECLM (1 g/kg body weight) in rats, some
DKPs reached concentrations exceeding 1 uM in portal and ab-
dominal blood. The doses (0.5 and 1g/kg) for rats is equivalent
to 80 and 161 mg/kg for humans by conversion based on body
surface area (Nair and Jacob, 2016). Thus, it can be anticipated that
some DKPs in ECLM can reach pM levels in human blood after
ingestion of realistic doses. However, The ADME of DKPs after
ECLM ingestion in humans should be investigated.

The presence of DKPs in the blood circulation indicates resist-
ance to proteolysis during digestion, likely due to their rigid cyclic
structure, which allows them to reach systemic circulation (Otsuka
etal., 2019, 2020). At 12 h after stimulation with three highly bio-
available mixtures of DKPs (each DKP present at concentrations
of 0.1 and 1 uM), phagocytosis in LPS-stimulated macrophages
was significantly enhanced, which suggests that ECLM ingestion

may deliver sufficient amounts of DKPs to promote phagocytosis
under inflammatory conditions. Present data clearly indicate that
low molecular weight DKPs rather than a- and -glucans play cru-
cial role in enhancing phagocytosis in macrophages.

Mixtures of highly bioavailable DKPs (eight or nine types)
showed higher phagocytosis-enhancing activity under LPS stimu-
lation than individual DKPs, whereas differences in DKP structure
had a relatively small effect on phagocytosis-enhancing activity.
This suggests that DKPs in the ECLM have additive effects; there-
fore, even relatively minor DKPs in the ECLM contribute to its
phagocytosis-enhancing activity. DKPs are naturally present in
a wide range of fermented products with a long history of pres-
ence across various foods, such as fermented soybean paste (miso)
and fish sauce (Nagao et al., 2024; Rahmadian et al., 2025). These
foods are generally recognized as safe and serve as dietary sources
of many modified peptides, including DKPs. For example, a typi-
cal serving of miso (10 g) contains approximately 20-30 pmol of
total DKPs, whereas one serving of fish sauce (10 mL) provides
about 100-500 pmol. Interestingly, ECLM contains DKPs at lev-
els remarkably higher than those found in traditional fermented
foods—estimated to be 10- to 50-fold greater than in miso, reach-
ing up to 1,000 pmol of total DKPs per 10 g of ECLM. ECLM also
contains significantly less salt than fermented foods, making it a
rich and diverse source of DKPs, the intake of which is not limited
by salt content.

It is well known that phagocytosis in macrophages is enhanced
by LPS through the classical TLR4-NF-kB/MAPK pathways
(Chen et al., 2023). Activation of this pathway leads to phospho-
rylation of p38 and extracellular signal-regulated kinase (ERK),
which promotes cytoskeletal rearrangement, thereby enhancing
phagocytosis. At the same time, TLR4-NF-kB/MAPK signaling
induces the production of proinflammatory cytokines like IL-6 and
enzymes such as inducible nitric oxide synthase (iNOS), resulting
in increased NO production. However, in our study, DKPs reduced
LPS-induced NO and IL-6 production, suggesting that DKPs sup-
press TLR4-NF-kB/MAPK pathway. Therefore, DKPs modulate
macrophage function through alternative signaling mechanisms
distinct from the canonical TLR4-NF-kB/MAPK pathway. In-
terestingly, Chee et al. (2017) reported that another food-derived
peptide, y-EV, suppresses TNF-o—induced inflammation via the
CaSR.

The classical function of the CaSR is thought to be the sensing
of extracellular calcium ions and regulation of calcium ion homeo-
stasis (Chu et al., 2022). In the classical intracellular signaling of
CaSR, extracellular calcium ions activate CaSR, which triggers the
intracellular G-protein—mediated pathway, in which Gaq/11 acti-
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vates phospholipase C (PLC), leading to the generation of inositol
1, 4, 5-trisphosphate (IP3) and diacylglycerol (DAG) (Chu et al.,
2022). IP3 stimulates Ca”" release from the endoplasmic reticu-
lum and activates calmodulin-dependent protein kinases, whereas
DAG and Ca®" activate protein kinase C (PKC), together down-
regulating parathyroid hormone (PTH) secretion in parathyroid
cells. CaSR is also distributed in other cells, such as macrophages,
and promotes MAPK signaling, including the phosphorylation
of ERK, which drives proinflammatory responses. Activation of
the CaSR has been reported to enhance innate immune functions
(Iamartino and Brandi 2022). This process can be blocked by the
CaSR allosteric antagonist NPS-2143. On the other hand, CaSR
has another intracellular pathway, namely B-arrestin-2 pathway.
In this pathway, CaSR is phosphorylated by G-protein receptor
kinases (GRKs), creating docking sites for B-arrestin-2. Binding
B-arrestin-2 to CaSR desensitizes G-protein signaling and redirects
signaling toward the B-arrestin-2—dependent pathway. B-Arrestin-2
interacts with the transforming growth factor p-activated kinase 1
(TAK1)-binding protein (TAB1), thereby interfering with TAK1
activation and suppressing downstream NF-«B/MAPK signal-
ing. Chee et al. (2017) concluded that y-EV shifts the immune
response away from proinflammatory G-protein signaling toward
B-arrestin-2—mediated signaling (biased activation of CaSR), con-
sequently attenuating inflammatory responses through allosteric
activation of CaSR.

The present study revealed that the phagocytosis-enhancing ac-
tivity of DKPs was partially abolished by the CaSR antagonist,
NPS-2143. In addition, CaSR agonists, R-568 and y-EV, enhanced
the macrophage phagocytosis. These suggest that CaSR may be
involved in the immunomodulatory effects of DKPs. CaSR-bound
B-Arrestin-2 also functions as a scaffold protein that can link
CaSR to signaling molecules, such as Src, Akt, and ERK, which
phosphorylate them. p-Src phosphorylates the immunoreceptor ty-
rosine-based activation motifs (ITAMs) of Fcy receptors on the
macrophage surfaces, leading to cytoskeletal rearrangement and
enhanced phagocytosis (Bournazos et al., 2020). Based on the
present findings and earlier reports, we propose a mechanism for
the immunomodulatory effects of DKPs. Similar to y-EV, DKPs
biasedly activate CaSR and following B-arrestin-2 pathway, which
suppresses LPS-induced NO and IL-6 productions by suppress-
ing LPS-TLR4-NF-kB/MAPK signaling and may enhance Src
activation and phagocytosis. DKPs also suppress LPS-TLR4-NF-
kB/MAPK-induced phagocytosis but can enhance phagocytosis
via the B-arrestin-2 pathway and simultaneously suppress NO
and IL-6 productions. As shown in Figure 8, the enhancement
of phagocytosis by DKPs can at least compensate for or proceed
with LPS-induced phagocytosis. It is worthy to mention that DKPs
show higher bioavailability than y-EV, another food-derived CaSR
agonist (Rahmadianl et al., 2025).

5. Conclusion

ECLM contains highly bioavailable and bioactive DKPs, which
suppress LPS-induced NO and IL-6 productions; however, DKPs
enhance phagocytosis in macrophages by biased activation of
CaSR, which tune inflammatory response via the G protein
pathway to anti-inflammatory and phagocytic responses via the
B-arrestin-2 pathway. Thus, ECLM ingestion can enhance im-
munity without increasing the inflammatory response. However,
further studies are required to elucidate the underlying molecular
mechanisms. We should also evaluate whether the dual immu-
nomodulatory effects of DKPs are mediated by macrophage dif-

ferentiation. Future in vivo studies should also assess the phago-
cytosis-enhancing activity of ECLM and DKPs, particularly in the
context of dietary supplementation, to strengthen the evidence of
their immunomodulatory potential.
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