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ABSTRACT: To clarify the underlying molecular mechanisms of lactononadecapeptide (LNDP), we
examined its effects on the gene expression of memory-related neuroplasticity and cholinergic signaling in
human induced pluripotent stem cell (hiPSC)-derived neurons, alongside a safety evaluation using PC12
cells. LNDP showed no cytotoxicity and significantly upregulated the expression of genes crucial for
neuroplasticity (BDNF, TrkB, NGF) and cholinergic signaling (ChAT, CHRM 1, NMDAR NRI) in hiPSC-
derived neurons. These findings suggest that LNDP potentially modulates transcriptional pathways related
to neural health, supporting its potential value as a functional food ingredient for cognitive decline.
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1. Introduction

The rapid increase in the number of dementia patients, particularly those with Alzheimer’s disease
(AD), represents a major social and medical challenge worldwide [1]. However, no definitive preventive or
therapeutic agents for AD have been developed yet. Brain-derived neurotrophic factor (BDNF) and nerve
growth factor (NGF) are key regulators of synaptic plasticity and memory [2,3]. In addition, cholinergic
components such as choline acetyltransferase (ChAT) and the muscarinic M1 receptor (CHRM1), as well
as the N-methyl-D-aspartate receptor (NMDAR) subunit NR1, play essential roles in synaptic transmission
and cognitive function [4-7]. Moreover, TrkB, the receptor for BDNF, is a critical mediator of BDNF
signaling in neuronal survival and plasticity [8].

Fermented milk products are traditional foods with various health benefits [9]. Recently, functional
food peptides have gained significant attention for their neuroprotective potential, often modulating central
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nervous functions via gut—brain axis signaling. Previously, Ohsawa et al. [10] evaluated the effects of whey
from a Lactobacillus helveticus-fermented dairy product, Calpis™ sour milk, a fermented milk produced
during the manufacturing process of Calpis™, on short-term memory impairment and found that it
improved scopolamine-induced memory impairment in mice. Subsequently, they identified the active
ingredient: lactononadecapeptide (LNDP: NIPPLTQTPVVVPPFLQPE) derived from B-casein [11]. More
recently, Ohsawa et al. [12], Sasai et al. [13], and Yamada et al. [14] reported that LNDP-containing foods
improved cognitive and memory functions in healthy middle-aged or elderly Japanese subjects. Indeed, our
previous preclinical and clinical studies have revealed that LNDP-containing foods consistently improved
cognitive and memory functions [10-14]. However, the molecular mechanisms by which LNDP improves
cognitive function remain unclear, as memory formation is strictly regulated by the expression of various
memory-related genes [15]. Based on the previously observed in vivo effects of LNDP, we focused on
specific memory-related genes involved in neurotrophic support and cholinergic transmission. While
traditional animal-derived cell models often present a translational gap due to species-specific differences,
human induced pluripotent stem cell (hiPSC)-derived neurons accurately reflect human physiological
receptor profiles and functional networks, serving as a superior translational model. Therefore, the primary
objective of this study was to examine the direct effects of LNDP on the gene expression of memory-related
neuroplasticity and cholinergic signaling in hiPSC-derived neurons. Additionally, we utilized PC12 cells
to perform a preliminary evaluation of the safety and cytotoxicity profile of LNDP.

2. Materials and Methods

LNDP was chemically synthesized (GenScript, Piscataway, NJ, USA) and dissolved in sterile water
immediately before use. The hiPSC-derived neurons ‘ReproNeuro’ (ReproCELL, Yokohama, Japan) were
differentiated and maintained following the manufacturer’s instructions and as previously described [16].
PC12 cells (RIKEN BioResource Center, Tsukuba, Japan) were cultured in DMEM supplemented with
horse serum and fetal bovine serum under standard conditions, as previously described [17]. PC12 cells
were selected as a well-established and robust mammalian neuronal model for preliminary cytotoxicity
screening prior to evaluating the highly sensitive human neurons. Cytotoxicity of LNDP was evaluated in
PC12 cells using the CCK-8 assay (Dojindo, Kumamoto, Japan). Cells were treated with 0.1-10 uM LNDP
for 24 h in a CO2 incubator. Absorbance was measured at 450 nm using a Multiskan™ GO microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA). For gene expression analysis, hiPSC-derived neurons were
treated with 0.1 or 1 uM LNDP, or vehicle, for 0.5-24 h. These concentrations were selected based on their
physiological relevance and blood circulation levels estimated from previous clinical trials [12—14]. Gene
expression was analyzed by qRT-PCR using SYBR® Green Cells-to-CT™ Kits (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Reverse transcription and amplification were performed as
described previously [16]. Gene-specific primers (Takara Bio, Kusatsu, Japan) are listed in Supporting
Information (Table 1), with ACTB as an internal control. Relative expression levels were calculated by the
2724Cr method [18]. Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple
comparison test with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). p value <0.05 was
considered significant.

Table 1. Sequences of the primers for qRT-PCR analysis.

Gene Forward Primer (5'-3') Reverse Primer (5'-3") Product Size (bp)
BDNF gaactcccagtgccgaactacc ttatgaatcgccagccaattctc 83

TrkB cctggeategtggcatttc tcagtcccacataagcttcaacatce 133

NGF atgctggacccaagctca tgatcagagtgtagaacaacatgga 123
CHRM1 atcaagtcccgaggcagea acttgactcccactcccaggaa 85

ChAT agccctgecgtgatetttg gcacagtcagtgggaatggagt 134
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NRI gagggtaccagatgtccacca cttgcatgtcccatcactca 95
ACTB tggcacccagcacaatgaa ctaagtcatagtccgectagaagea 186
3. Results

The cytotoxicity of LNDP was evaluated using the CCK-8 assay. As shown in Figure 1, no significant
alteration in the number of viable cells was detected when PC12 cells were exposed to 0.1, 1, or 10 uM
LNDP compared to the vehicle control.
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Figure 1. Effects of LNDP on PC12 cell viability. PC12 cells were treated with various concentrations of LNDP (0.1, 1, or 10
uM) for 24 h. Cell viability was assessed using the CCK-8 assay. Results are shown as the mean + S.E.M. (r = 5). Statistical
analyses were performed using one-way ANOVA followed by Tukey’s multiple comparison test. No significant differences were
detected against the vehicle control (p > 0.1).

We treated hiPSC-derived neurons with 0.1 and 1 pM LNDP for 1, 6, 12, and 24 h, and then performed
gRT-PCR to elucidate the effect of LNDP on the expression of memory-related genes in Table 1. The gene
expression of neurotrophic factors, BDNF, NGF, and TrkB (receptor for BDNF) in hiPSC-derived neurons
was analyzed (Figure 2). The BDNF expression levels began to increase at 1 h after LNDP administration
compared to the vehicle control (Figure 2A). Then, the significant increases peaked at 24 h after the
treatment with 0.1 and 1 uM LNDP, which were approximately 2.7- and 3.9-fold (p = 0.0038 and 0.0002),
respectively, of the vehicle control. The NGF gene expression levels were also increased 2.9-fold (vs.
vehicle control, p = 0.0036 and 0.0044) at 1 h by 0.1 and 1 uM LNDP, and then returned to baseline after
6—12 h (Figure 2B). Interestingly, after 24 h, the NGF gene expression again increased to 2.5- and 2.3-fold
(» = 0.0010 and 0.0015), respectively, by 0.1 and 1 uM LNDP. The 7TrkB gene expression was also
significantly upregulated by 1.6- and 2.0-fold (» = 0.0023 and <0.0001), respectively, at 1 h after 0.1 and 1
uM LNDP. At 24 h, both concentrations of LNDP induced a significant (1.4-fold, p = 0.0017 and 0.0041)
increase in 77kB gene expression (Figure 2C). Next, we examined the mRNA expression of other memory-
related factors, specifically CHRM1, ChAT, and NMDAR NRI1 (Figure 3). LNDP treatment was found to
upregulate these cholinergic and NMDAR-related genes at several time points tested. The CHRM1 gene
expression was significantly increased 1.5- and 1.8-fold (p = 0.0036 and 0.0002), respectively, after 1 h of
treatment with 0.1 and 1 uM LNDP (Figure 3A), and gradually returned to control levels at 6 and 12 h.
Similarly, ChAT expression was significantly upregulated by 1.8- and 1.9-fold at 1 h (»p =0.0021 and 0.0007)
and by 1.2- and 1.2-fold at 24 h (p = 0.0025 and 0.0087), respectively, after treatment with 0.1 and 1 uM
LNDP (Figure 3B). The gene expression of NMDAR NR1 was also significantly increased by 1.6- and 1.8-
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fold at 1 h (p = 0.0262 and 0.0131) and by 1.4- and 1.4-fold at 24 h (p = 0.0346 and 0.0122), respectively,

after treatment with 0.1 and 1 pM LNDP (Figure 3C).
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Figure 2. Effects of LNDP on the mRNA expression of neurotrophic factors and their receptor. qRT-PCR was performed to
analyze (A) BDNF, (B) NGF, and (C) TrkB mRNA levels in hiPSC-derived neurons after treatment with vehicle control, 0.1 pM
LNDP, or 1 uM LNDP for 1, 6, 12, or 24 h. Data were normalized to ACTB mRNA levels and expressed as relative fold change
compared to the vehicle control at each time point. Bars represent the mean + S.E.M. (n = 3-6). Statistical significance was
determined by one-way ANOVA followed by Tukey’s multiple comparison test. Exact p values were indicated above the
brackets for relevant comparisons; non-significant comparisons (p > 0.1) were omitted for clarity.
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Figure 3. Effects of LNDP on the mRNA expression of cholinergic and NMDAR-related genes. qRT-PCR was performed to
analyze (A) CHRM1, (B) ChAT, and (C) NMDAR NRI mRNA levels in hiPSC-derived neurons after treatment with vehicle
control, 0.1 uM LNDP, or 1 uM LNDP for 1, 6, 12, or 24 h. Data were normalized to ACTB mRNA levels and expressed as
relative fold change compared to the vehicle control at each time point. Bars represent the mean = S.E.M. (n = 3—6). Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple comparison test. Exact P values were indicated
above the brackets for relevant comparisons; non-significant comparisons (p > 0.1) were omitted for clarity.
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4. Discussion

The number of patients with neurodegenerative diseases, particularly AD, is rapidly increasing
worldwide. Previous preclinical and clinical studies have revealed that LNDP-containing foods improve
cognitive and memory functions [10—14], but the underlying neuronal mechanisms remain unclear. The
present study has shown that LNDP significantly upregulates the gene expression of multiple factors critical
for neuroplasticity and cholinergic signaling in a time-dependent manner, in hiPSC-derived neurons which
reflect human neuronal characteristics. LNDP was shown to be non-cytotoxic in PC12 cells, indicating that
significant upregulation of gene expression may reflect genuine neuronal activation rather than stress
responses. A key finding was the robust induction of BDNF' gene expression, which reached about four-
fold at 24 h after the LNDP treatment (Figure 2A). Given the central role of BDNF in synaptic plasticity
and memory consolidation [2], this result suggests that LNDP activates transcriptional pathways important
for long-term neural adaptation. The NGF gene expression showed a transient rise at 1 h after the treatment
and a second increase at 24 h (Figure 2B). This early transcriptional surge at 1 h, which was also observed
for TrkB and CHRM 1, suggests an immediate-early response to LNDP treatment that potentially primes neural
networks for subsequent activation. On the other hand, the delayed but robust increases observed at 24 h for
genes such as BDNF, NGF, TrkB, and ChAT point toward secondary or downstream regulatory pathways,
which are characteristic of long-term neural adaptation and cumulative trophic support.

Notably, significant reductions in CHRM1 protein levels have been reported in the hippocampus and
temporal cortex of patients with dementia [7]. LNDP also enhanced the gene expression of CHRM 1 and ChAT,
both of which are key components of the cholinergic system crucial for learning and memory functions
(Figure 3A,B). In addition, LNDP upregulated gene expression of 77kB, the receptor for BDNF (Figure 2C),
suggesting amplification of BDNF-TrkB signaling, a pathway essential for synaptic plasticity and neuronal
survival. This LNDP-mediated transcriptional regulation likely involves the activation of upstream signaling
pathways, such as the PKA/MEK/ERK/CREB cascade, which is well-known to drive neurotrophic factor
expression. Interestingly, LNDP also increased the gene expression of NMDAR NR1 (Figure 3C), indicating
the possible enhancement of NMDAR-mediated synaptic plasticity, which underlies learning and memory
[5,6]. NR1 is a key subunit of the NMDAR, which is essential for synaptic plasticity and memory formation
[5,6]. This finding suggests that LNDP may enhance not only the cholinergic system but also the
glutamatergic system in human neurons. This provides a new insight into the molecular mechanisms of LNDP,
as it may directly support the basic mechanisms of learning and memory.

Regarding the bioavailability of LNDP, Ohsawa et al. [11] previously suggested that a 19-mer peptide
might be too long to be absorbed into the systemic circulation in large amounts. Remarkably, a recent study
by Nakatani et al. [19] demonstrated that LNDP exhibits extraordinary resistance to gastrointestinal
enzymes, retaining over 90% stability after exposure to pepsin and pancreatin. Furthermore, they revealed
that LNDP successfully traverses the human intestinal epithelium in its intact form via an active transport
pathway mediated by peptide transporter 1. These robust findings strongly support the physiological
relevance of LNDP as an orally active functional food ingredient that reaches systemic circulation.

Provided that LNDP or its active forms circulate systemically, they possess the potential to directly
modulate human neuronal gene expression upon gaining access to the central nervous system. While our
current results clearly show that LNDP can directly act on hiPSC-derived neurons in vitro, future in vivo
studies are required to fully elucidate the exact blood—brain barrier (BBB) penetration and transport
mechanisms into the brain parenchyma.

We acknowledge that the present study primarily focuses on transcriptional modulation (mRNA
expression) and lacks detailed protein-level validations or functional physiological assays. However, as
demonstrated in our previous work profiling bioactive candidate compounds [17], profiling early
transcriptional responses in hiPSC-derived neurons is a valuable, well-established screening approach for
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identifying the initial molecular targets of neuroprotective factors. Protein-level validations, including
evaluation of synaptic plasticity markers such as PSD-95 and MAP2, as well as functional neuronal assays
(e.g., calcium imaging or electrophysiological measurements), remain important limitations to be addressed
in future investigations.

5. Conclusions

In conclusion, the current study provides the first in vitro molecular evidence that LNDP modulates
the gene expression of critical factors related to neuroplasticity and cholinergic signaling in hiPSC-derived
neurons. Although further in vivo validation and functional physiological assays are required, these findings
suggest that LNDP exhibits a potential neuroprotective profile at the transcriptional level, supporting its
further evaluation as a functional food ingredient for the prevention of cognitive decline. Therefore, our
future research will focus on validating these transcriptional changes at the protein level, performing
functional neuronal assays such as calcium imaging, and clarifying the in vivo transport kinetics across the
BBB to fully elucidate the neuroprotective mechanisms of LNDP.
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