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Diet fundamentally affects our long-term health. Over the past decade, the scientific
understanding of this relationship has moved beyond simply counting calories or balancing
macronutrients. Therefore, we recognize dietary habits as a combination of physiological
needs, environmental influences, and conscious choices [1]. This shift requires us to look
closer and deeper at how specific food components, particularly food functional factors,
such as bioactive peptides, polyphenols, specific dietary fibers, and functional lipids, affect
our metabolism. Recent research highlights how these specific nutritional inputs help
maintain metabolic balance and influence cellular aging. More studies that explore these
mechanisms, from molecular pathways to public health, aiming to turn nutritional science
into practical, long-term health benefits.

The reality of the current food environment, which is increasingly dominated by ultra-
processed foods (UPFs), should be addressed first before we get benefits from functional
foods [2]. Even as our knowledge of nutrition grows, the convenience and high appeal
of these processed products often put people toward unhealthy choices that override our
natural fullness signals. These foods are typically loaded with altered nutrients, such
as oxidized lipids and advanced glycation end products. Emerging evidence links them
directly to the rising rates of obesity, type 2 diabetes, and cardiovascular diseases. For
instance, a large-scale prospective cohort study recently published in The Lancet Regional
Health—Europe clearly demonstrated that higher UPF intake is significantly associated
with an increased risk of type 2 diabetes [3]. This risk goes beyond just high sugar and fat
content. The breakdown of the natural physical structure of the food (the food matrix) and
the pro-inflammatory nature of UPFs are also key drivers of metabolic harm. Common
additives like emulsifiers can disrupt the gut microbiota, trigger intestinal inflammation
and promote obesity [4]. In contrast, simply replacing a portion of UPFs in the diet with
an equal amount of unprocessed or minimally processed foods can significantly lower the
incidence of metabolic diseases. To protect public health moving forward, we need clearer
policies and industry-wide food reformulation. Research should not only assess the harm
of UPFs but also explore how integrating specific food functional factors into daily diets
might offset some of these pro-inflammatory and metabolic disruptions.

In contrast to the risks associated with UPFs, intentional dietary patterns rich in func-
tional factors offer profound therapeutic benefits. Increasing evidence demonstrates that
whole-grain diets, caloric restriction, and specific amino acid limitations can improve in-
sulin sensitivity, balance lipid profiles, and potentially extend health span. For instance, di-
etary methionine restriction (MR) has been shown to fundamentally alter lipid metabolism
in ways that may promote longevity and ameliorate ulcerative colitis [5,6]. In preclinical
models, MR reduced fat accumulation, enhanced insulin sensitivity, and reversed obesity
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by activating the FGF21 signaling pathway and downregulating hepatic lipogenic genes,
such as Scd1. Interestingly, the transcription factor HNF4α has been identified as a key
determinant of cellular sensitivity to MR, offering a promising target for precision nutrition
to identify individuals who would benefit most from dietary MR intervention [7]. Of
note, these targeted dietary approaches serve as powerful, non-pharmacological tools for
preventing and managing chronic diseases. Moving forward, the field requires larger
clinical trials to validate how various functional factors and targeted dietary approaches
can serve as non-pharmacological tools for preventing and managing chronic diseases.

To fully understand how food functional factors lead to such broad health benefits, we
should pay attention to the gut microbiota. Functional factors, such as prebiotics, dietary
polyphenols, and complex carbohydrates, contribute to the development of the gut mi-
crobiome. These microbes metabolize functional factors to produce beneficial metabolites,
which in turn regulate our energy metabolism, systemic inflammation, and gut barrier
integrity. This makes the microbiome an excellent target for therapies utilizing probiotics,
prebiotics, and emerging postbiotics to restore metabolic balance [8]. However, the field of
microbiome-based nutrition needs to move past simply observing links and start proving
cause and effect. We need to identify exactly which bacteria interact with specific functional
factors to drive precise health outcomes, eventually bringing standardized, customized
symbiotic treatments into regular clinical care [9].

Individuals metabolize food functional factors differently due to individual differences
such as genetics and lifestyle. A one-size-fits-all approach to diet is no longer practical.
While general, population-wide dietary guidelines provide a good baseline, they fail to meet
the unique needs of groups like pregnant women, the elderly, athletes, or people managing
conditions such as diabetes. This brings us to the necessity of personalized nutrition [10]. By
analyzing an individual’s genetic makeup, metabolic profile, and microbiome, we can offer
highly tailored advice on which functional factors will yield the greatest health benefits.
Future research should focus on combining data from genomics and metabolomics to build
reliable, algorithm-driven tools for personalized recommendations. Importantly, we need
to translate these advanced scientific concepts into affordable and accessible strategies for
everyday healthcare providers and the public.

Aligning with these advancements, our current issue presents a comprehensive syn-
thesis of how bioactive components within complex food matrices modulate physiological
health through intricate regulatory networks. Highlighting the intersection of aging and
nutritional intervention, studies demonstrate that dietary supplementation with spinach-
derived chlorophyll can significantly extend Drosophila lifespan and enhance stress re-
sistance by remodeling detoxification networks via the CncC (Nrf2) signaling pathway
[Contribution 1]. The collection further establishes edible bird’s nest (EBN) as a paradigm
for multi-target regulation, where its unique protein-glycoprotein-sialic acid core and spe-
cific sialylated glycopeptides provide neuroprotection and alleviate inflammation across
the gut–brain and gut-lung axes [Contributions 2–4]. Investigations into metabolic and
organ health reveal that Coix seed oil effectively manages hyperuricemia by promoting uric
acid homeostasis and intestinal integrity [Contribution 5], while camel milk proteins and
lactopontin-fortified matrices are shown to mitigate colitis and support bone development
through the modulation of the gut microbiota and the gut-bone axis [Contributions 6 and 7].
Additionally, the issue addresses technological and clinical translation, exploring advanced
intestinal-targeted delivery systems for phenolic compounds to overcome bioavailability
barriers [Contribution 8], as well as the efficacy of anti-inflammatory dietary education in
improving the mental health and quality of life of breast cancer patients [Contribution 9].
These collective findings advance functional food research from a reductionist approach to
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a systems-biology perspective, providing critical academic support for precision nutrition
and the development of evidence-based health interventions.

In conclusion, the relationship between food functional factors and nutritional health
is profoundly complex and multifaceted, encompassing severe modern risks driven by
UPFs as well as therapeutic opportunities offered by specific dietary patterns and micro-
biome modulation. The future of nutritional science clearly lies in a highly personalized,
mechanism-based approach that fully harnesses the biological power of food functional
factors. We encourage the scientific and medical communities to continue relentlessly
exploring the fundamental regulatory principles of dietary habits on metabolic health.
By promoting evidence-based diets rich in functional factors and integrating multi-omics
technologies, we can work towards a future where precise, individualized nutrition serves
as the ultimate cornerstone of preventive medicine.
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Central Universities (SWU-KQ25008).
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Abstract

Background: Lactopontin (L-OPN) is a pivotal bioactive protein present in breast milk that
supports bone development, but its efficacy in a formula matrix is unknown. This study
aimed to evaluate the effects of L-OPN-fortified formula on bone growth in a growing rat
model and to explore the underlying mechanisms. Methods: Weanling rats (n = 8/group)
received daily gavage for four weeks: (1) CON—deionized water; (2) PRO—750 mg/kg·BW
mixed protein; or (3) L-OPN—750 mg/kg·BW of the PRO formula fortified with L-OPN.
Results: The results showed that the formula fortified with L-OPN could significantly
increase bone volume and trabecular bone number (p < 0.05). Furthermore, both femur
length and thickness, as well as overall body length, were significantly increased (p < 0.001).
In addition, the L-OPN-fortified formula specifically increased the relative abundance of
Bacteroides and Parabacteroides in rat feces (p < 0.05). Metabolomic analysis revealed that
L-OPN supplementation significantly altered bile acid metabolism, notably increasing
serum levels of 12-ketolithocholic acid (12-KLCA), which correlated strongly with bone
metrics. Conclusions: These preclinical findings provide a basis for future research in
infant formula.

Keywords: lactopontin; bone health; Parabacteroides; bile acid

1. Introduction

Human milk is the gold standard for infant nutrition, providing not only essential
macronutrients but also a suite of bioactive components critical for optimal growth and
development [1]. Among these, lactopontin (L-OPN), a highly phosphorylated glyco-
protein, is particularly abundant in human milk yet markedly deficient in conventional
infant formulas [2]. Accumulating evidence underscores L-OPN’s pivotal role in early-life
bone health, with studies demonstrating its ability to directly stimulate osteoblast activity
and promote skeletal mineralization [3,4]. This positions L-OPN as a key candidate for
fortifying next-generation infant formulas aimed at better mimicking the bone-supportive
benefits of breastfeeding.

Nutrients 2026, 18, 1265 https://doi.org/10.3390/nu18081265
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However, the efficacy of L-OPN must be evaluated within its natural context of protein–
protein interactions. In bovine and human milk, L-OPN does not act in isolation; it forms
stable complexes with other bioactive proteins, most notably lactoferrin (LF), through
electrostatic interactions [5]. The binding of L-OPN and LF has been extensively studied.
It has been demonstrated that bovine-source L-OPN and LF form a stable complex at a
ratio of 1:3 (dissociation constant, Kd = 10−6 M) [6]. The well-characterized L-OPN–LF
complex exhibits distinct functional properties compared to its individual constituents: it
demonstrates greater resistance to gastrointestinal digestion [7,8] and enhanced binding
and uptake by intestinal cells, which in turn promotes intestinal cell proliferation and
strengthens immune responses [9–11]. Critically, this complexation fundamentally alters
the protein’s digestibility and bioactivity profile. Therefore, a significant research gap
exists regarding whether L-OPN can retain or even leverage its osteogenic potential when
incorporated into a simulated infant formula protein matrix, where its interaction landscape
differs from that of native milk. Demonstrating its efficacy in such a complex system is
essential for its practical application.

Addressing this gap necessitates moving beyond simple phenotypic observation to
investigate the underlying mechanisms. The gut–bone axis has emerged as a central
pathway through which dietary factors regulate skeletal metabolism. Gut microbiota are
master regulators of host physiology, capable of transforming primary bile acids into a
diverse array of secondary metabolites that act as signaling molecules [12]. Recent research
has established direct links between specific bile acid profiles and the regulation of both
bone formation and resorption [13]. Given that L-OPN can interact with the gut lumen and
modulate microbial communities, as evidenced by our previous work showing L-OPN-
induced enrichment of Parabacteroides [3,4], a known producer of secondary bile acids [14],
a plausible and testable mechanism emerges: dietary L-OPN, even within a complex
formula matrix, may promote bone development by remodeling the gut microbiota, thereby
altering the bile acid metabolic profile towards a more osteogenic state.

Thus, the present study was designed to address these interconnected questions using
a well-established growing rat model. We aimed to (1) determine whether supplementation
with L-OPN in a simulated infant formula protein matrix can promote bone development,
and (2) investigate the role of the gut microbiota–bile acid–bone axis as a key mechanistic
pathway underlying this effect. We hypothesized that L-OPN-fortified protein powder
would enhance bone growth via microbiota-driven modulation of bile acid metabolism.
This study presents a preliminary exploration of the potential application of bovine L-OPN
in infant formula.

2. Materials and Methods

2.1. Materials

L-OPN (Lacprodan OPN-10, protein content 90%, purity > 95%) was provided by Arla
Food Ingredients Group (Beijing, China). Milk protein concentrate (MPC) and whey protein
isolate (WPI) were purchased from Agropur Dairy (Edmonton, AB, Canada). Paraformalde-
hyde was purchased from Servicebio Co., Ltd. (Wuhan, China). The rat bone alkaline
phosphatase (BALP) and Type I collagen cross-linked carboxyl-terminal peptide (CTX-I)
Enzyme-linked immunosorbent assay (ELISA) kit was purchased from Elabscience Biotech-
nology Co., Ltd. (Wuhan, China). Animal RNA extraction kit, All-in-one RT SuperMix
for qPCR and SYBR Mix were purchased from Vazyme Biotechnology Co., Ltd. (Nanjing,
China). The PCR primers (specific sequence shown in Table S1) were purchased from San-
gon Biotech Co., Ltd. (Shanghai, China); chromatographically pure methanol, acetonitrile
and formic acid were purchased from Thermo Scientific (Waltham, MA, USA).

https://doi.org/10.3390/nu18081265
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2.2. Animal Experimental Design

All animal experiment protocols were reviewed and approved by the Laboratory
Animal Management and Animal Welfare Ethics Committee of Jiangnan University, with
the ethics approval number JN.NO 20250515S0560720[268]. Based on the experimental
results of similar studies, through the calculation of the G*Power 3.1 software: set α = 0.05,
β = 0.8, effect size d = 1.6, it was concluded that at least 8 animals are needed in each
group. Twenty-four 3-week-old male SPF-grade Sprague-Dawley (SD) rats were purchased
from Charles River Laboratory Animal Technology Co., Ltd. (SCXK (Zhejiang) 2021-0006)
(Jiaxing, China). All the rats had free access to the same standard diet and drinking water
throughout the experimental period. The ambient temperature was between 20 and 26 ◦C,
and the relative humidity was between 40 and 70%. After adapting to the environment,
the rats were randomly divided into three groups (n = 8 per group): (1) the control group
(CON) was administered deionized water by gavage; (2) the protein matrix group (PRO)
was administered 750 mg/kg·BW of a mixed-protein solution by gavage daily; (3) the
L-OPN-fortified group (L-OPN) was administered 750 mg/kg·BW of the same protein
matrix, fortified with L-OPN, by gavage daily.

The mixed-protein solution for both the PRO and L-OPN groups was formulated to
simulate the whey protein-to-casein ratio (~60:40) found in mature human milk, a key
compositional feature often referenced in infant formula design [15]. This matrix was
prepared by mixing milk protein concentrate (MPC) and whey protein isolate (WPI) in
an equal mass ratio. It is important to note that this experimental matrix was designed
specifically to model the protein fraction of human milk/infant formula and does not
replicate the full nutritional profile of a commercial infant formula, including its energy
density, carbohydrate and fat content, vitamin/mineral fortification, or specific processing
conditions. All the animals had ad libitum access to a standard, nutritionally complete
rodent diet (e.g., AIN-93G) to meet their basal nutritional requirements. The L-OPN group
received the identical PRO matrix supplemented with purified L-OPN to achieve a final
dose of 15 mg/kg·BW.

The body weight of the rats was recorded weekly. The experiment was ended after
continuous intragastric administration for 4 weeks. Feces were collected. Blood was drawn
from the abdominal aorta under isoflurane anesthesia and the rats were sacrificed. The
tissues of the femur, liver, kidney, spleen and intestine were dissected and collected.

2.3. Determination of Serum Bone Metabolism Markers

The measurement of BALP and CTX-I in rat serum was performed using ELISA
kits (see Section 2.1) and was performed in accordance with the instructions provided by
the manufacturer.

2.4. Micro-CT

Micro-CT testing on femurs was performed according to the method previously de-
scribed [15], with slight modifications. The isolated femurs were fixed in 4% paraformalde-
hyde solution for 24–48 h and subsequently rinsed three times with PBS solution. The
specimens were then stored in 75% alcohol solution at 4 ◦C until future use. The processed
femurs were scanned using the Bruker SkyScan 1276 small animal scanning imaging system
(Kontich, Belgium) at a resolution of 18 μm, voltage of 65 kV, current of 385 μA, and a
1 mm Al filter. The scanning mode was high-resolution mode and the scanning time was
4 min. Three-dimensional reconstruction was carried out using scanning data, and the
microstructure parameters of the bone tissue in the target area were analyzed by system
analysis software.

https://doi.org/10.3390/nu18081265
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2.5. Determination of Apparent Indicators of the Femur

Fresh femurs separated were weighed using an analytical balance, and the length,
width and thickness of the femurs were measured with a vernier caliper. After the fe-
murs were dried at 105 ◦C to a constant weight, the backbone weight of the femurs
was determined.

2.6. Determination of Mechanical Properties of the Femur

The TA.XT plus texture analyzer (Stable Micro Systems, Godalming, UK) was used
for the three-point bending of femurs according to the method previously described [16].
Briefly, a 12 mm span (HDP/3PB fixture) and a cross-head speed of 0.6 mm/min were
used, with the load applied consistently to the mid-diaphysis. Load–deflection curves
were analyzed to obtain the elastic limit load, peak load (N), and the deflection at peak
load (mm).

2.7. RNA Extraction from Bone Tissue and qPCR

The total RNA of the bone tissue was extracted using the FastPure Plant Total RNA
Isolation Kit, with the operation carried out in accordance with the manufacturer’s in-
structions. The purity and concentration of the extracted RNA were determined using
Nanodrop. Complementary DNA was synthesized from qualified samples using HiScript
III All-in-one RT SuperMix (Vazyme Biotech, Nanjing, China). DNA was obtained after
20 μL of the reaction system was subjected to a reaction procedure at 50 ◦C for 15 min
and 85 ◦C for 5 s. A RT-qPCR analysis was performed using SYBR Mix (Vazyme Biotech,
Nanjing, China). Pre-denaturation was carried out at 95 ◦C for 5 min, denaturation for 15 s,
and annealing for 30 s at 60 ◦C. The number of cycles was 40. Taking β-actin as the internal
reference gene, relative quantification was performed using the 2−ΔΔCt method [17]. The
primers used in the experiments of this chapter are shown in Table S1.

2.8. Amplification of 16S rRNA V3-V4 Gene, Library Construction and Sequencing Analysis

The experimental procedure was conducted according to the method of previous
studies [18,19]. Fecal DNA from the rats was extracted using a commercial kit and assessed
for purity and concentration via agarose gel electrophoresis. An aliquot of each DNA
sample was diluted with sterile water to 1 ng/μL. A polymerase chain reaction (PCR)
was performed using the diluted genomic DNA as template; barcode-indexed specific
primers; a High-Fidelity PCR Master Mix with GC Buffer; and a high-efficiency, high-
fidelity enzyme. The resulting PCR products were electrophoresed on a 2% agarose gel,
and those that passed quality control were purified using magnetic beads. The purified
products were quantified enzymatically, and the samples were pooled in equal amounts
based on their respective PCR product concentrations. The pooled mixture was re-analyzed
by 2% agarose gel electrophoresis, and target bands were excised and recovered using a
Qiagen gel extraction kit (Hilden, Germany).

A sequencing library was constructed with the TruSeq® DNA PCR-Free Sample
Preparation Kit (San Diego, CA, USA). The final libraries were quantified using Qubit and
quantitative PCR (Q-PCR). Upon passing quality inspection, the libraries were sequenced
on the NovaSeq6000 platform. Offline sequencing data were demultiplexed according
to the barcode and primer sequences, followed by removal of these adapter sequences.
A sequence analysis was performed by the Uparse software (Uparse v7.0.1001, http://
drive5.com/uparse/, accessed on 15 August 2025). Sequences with ≥97% similarity were
assigned to the same OTUs. Representative sequence for each OTU was screened for further
annotation. Amplicon sequence variants (ASVs) were analyzed by Deblur (1.1.0), which
uses error profiles to obtain putative error-free sequences from the Illumina sequencing
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platform. For each representative sequence, the Silva Database (http://www.arb-silva.de/)
was used based on the Mothur algorithm to annotate taxonomic information. In order to
study the phylogenetic relationship of different OTUs, and the difference in the dominant
species in different samples (groups), multiple sequence alignments were conducted using
the MAFFT (v7.490, https://mafft.cbrc.jp/alignment/software/, accessed on 15 August
2025). OTU abundance information was normalized using a standard of sequence number
corresponding to the sample with the fewest sequences. Subsequent analyses of alpha
diversity and beta diversity were all performed based on this output-normalized data. A
sample diversity analysis was conducted with the phyloseq (v1.40.0) and vegan (v2.6.2)
packages in R (v4.2.0). LEfSe (v1.1.2) was used for linear discriminant analysis effect size
(LEfSe) analysis, with the LDA score threshold set to 2. Intergroup differences in species
abundance were assessed using t-tests in R, and corresponding plots were generated.

2.9. Determination of Metabolomics in Serum

Metabolomics analysis in serum was conducted according to the method described
in previous studies [20,21]. After thawing on ice, the serum samples were vortexed for
10 s to ensure homogeneity. A 50 μL aliquot was transferred into a labeled centrifuge tube,
followed by the addition of 300 μL of 20% acetonitrile in a methanol solution containing
internal standards. The mixture was vortexed for 3 min. Both the fecal and serum samples
were then centrifuged at 12,000× g for 10 min at 4 ◦C. A 300 μL portion of the supernatant
was transferred to a new labeled tube and recentrifuged under the same conditions for
3 min. Finally, 200 μL of supernatant was collected into a corresponding vial insert for
LC-MS analysis.

All the samples were analyzed using two complementary LC-MS methods. Chro-
matographic separation was performed on a Waters ACQUITY Premier HSS T3 column
(1.8 μm, 2.1 × 100 mm) with mobile phase A (0.1% formic acid in water) and B (0.1% formic
acid in acetonitrile). The MS section alternated between full-scan MS and data-dependent
MSn scans using dynamic exclusion. Analysis was conducted on a Q Exactive HF-X mass
spectrometer equipped with electrospray ionization in both positive and negative modes.
Full scan spectra were acquired from m/z 75–1000 at a resolution of 35,000.

Raw data were converted to the mzXML format using ProteoWizard. Peak detection,
alignment, and retention time correction were performed with XCMS. Peaks with a missing
rate > 50% within any sample group were filtered out. Missing values were imputed
using a KNN algorithm for values with ≤50% missingness, or replaced with 1/5 of the
minimum value for those exceeding 50%. Peak areas were normalized by support vector
regression (SVR).

An unsupervised PCA (principal component analysis) was performed by the statistics
function prcomp within R (www.r-project.org). The data was unit variance-scaled before
the unsupervised PCA. For two-group analysis, differential metabolites were determined
by VIP (VIP > 1) and p-value (p-value < 0.05, Student’s t test). VIP values were extracted
from the OPLS-DA result, which also contains score plots and permutation plots, and
was generated using the R package MetaboAnalystR. The data was log-transformed (log2)
and mean-centered before OPLS-DA. In order to avoid overfitting, a permutation test
(200 permutations) was performed. Identified metabolites were annotated using the KEGG
Compound database (http://www.kegg.jp/kegg/compound/, accessed on 15 August
2025), and annotated metabolites were then mapped to the KEGG Pathway database
(http://www.kegg.jp/kegg/pathway.html, accessed on 15 August 2025). Significantly
enriched pathways were identified with a hypergeometric test’s p-value for a given list
of metabolites.
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2.10. Molecular Docking

The molecular structures of the FXR (PDB ID: 3DCT) and TGR5 (PDB ID: 7DW0) were
downloaded from the RCSB protein database (https://www.rcsb.org/). Before docking, wa-
ter molecules and irrelevant atoms were removed. 12-KLCA structures were downloaded
from https://hmdb.ca/metabolites, accessed on 25 December 2025. Virtual screening was
performed using AutoDock Vina 1.2 [22]. For each protein–ligand complex, the search
algorithm generated nine distinct binding poses. The docking grid box was centered on
the active site. All the generated poses were ranked by their predicted binding affinity
(expressed in kcal/mol). The pose with the most negative docking score was selected as
the representative conformation for further analysis, including visualization of binding
modes and characterization of non-covalent interactions.

2.11. Statistical Analysis

Data are expressed in the form of mean ± standard deviation (Mean ± SD). Normality
was assessed using the Shapiro–Wilk test, and homogeneity of variances was evaluated
by Levene’s test. Since the data met the assumptions of normality and equal variance, the
differences among more than two groups were calculated using one-way ANOVA followed
by Duncan’s multiple range test (the figures in Sections 3.1–3.4). An unpaired two-tailed
Student’s t-test was used to compare the means between the two groups (the figures in
Sections 3.5 and 3.6). A p-value < 0.05 was considered statistically significant (* p < 0.05,
** p < 0.01, *** p < 0.001). All the statistical analyses were performed using GraphPad Prism
version 8.0. Data points that were extreme outliers, defined as those deviating from the
intra-group mean by more than ±3 standard deviations, were excluded.

3. Results and Discussion

3.1. The Effect of L-OPN-Fortified Formula on the Growth Performance of Rats

As shown in Figure 1a, the body weight gain trends of the CON, PRO and L-OPN
groups were similar throughout the experimental period. The final body weight of the L-
OPN group increased by 7.1% and 5.3% compared to the CON and PRO groups, respectively
(Figure 1b). However, these differences were not statistically significant (p > 0.05). In
contrast to body weight, body length for the L-OPN group increased significantly (p < 0.001)
by 8.8% and 5.6% compared with the CON and PRO groups, respectively (Figure 1c). This
selective stimulation of longitudinal growth by L-OPN suggests a targeted anabolic effect
on the growth plate rather than a general nutritional boost. Notably, the magnitude of
body length increase exceeds what would be expected from protein intake alone, implying
that L-OPN may modulate endochondral ossification pathways. This aligns with emerging
evidence that L-OPN can directly interact with chondrocytes to enhance proliferation
and matrix mineralization during skeletal development [3]. Importantly, the absence of
hepatorenal toxicity or immune organ hypertrophy further supports the safety profile of
L-OPN fortification in infant formula. The organ index results are presented in Figure 1d–g.
No significant differences (p > 0.05) were observed among the three groups in terms of the
weight ratios of liver, kidney, spleen, or muscle, suggesting that systemic metabolic balance
was not affected.
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Figure 1. Growth performance of rats in the CON, PRO and L-OPN groups: (a) changes in rat body
weight; (b) he final body weight of rats; (c) the body length of rats; (d) liver index; (e) kidney index;
(f) Spleen index; (g) muscle index; *** p < 0.001.

3.2. The Effect of L-OPN-Fortified Formula on Serum Bone Metabolism Indicators

Given that body length growth mainly reflects the efficiency of longitudinal bone
development, this study evaluated serum bone metabolism markers to further elucidate the
underlying mechanism. As shown in Figure 2, serum BALP content in the L-OPN group
was significantly (p < 0.05) increased by 23.1% compared with the PRO group. In addition,
the bone resorption marker CTX-I was also significantly increased, by 11.5% (p < 0.05).
These results indicate that the L-OPN-fortified formula simultaneously enhances both
osteoblastic and osteoclastic activities, thereby comprehensively promoting bone turnover.
This pattern aligns with the high-turnover metabolic state characteristic of growing bone
and suggests that accelerated bone remodeling provides sustained matrix support for
longitudinal bone growth [23].

Figure 2. Serum bone metabolism indicators of rats in the CON, PRO and L-OPN groups. The content
of (a) BALP; (b) content of CTX-I; * p < 0.05.

3.3. The Effect of L-OPN-Fortified Formula on Bone Characteristics

Femoral phenotypic analysis further revealed the unique regulatory mechanism of
L-OPN in the mixed protein system. As shown in Figure 3, compared with the CON group,
the L-OPN group had significantly (p < 0.05) higher femoral mass. Moreover, relative
to the PRO group, femoral length, thickness and wet weight in the L-OPN group were
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significantly higher (p < 0.05), by 3.9%, 4.4% and 15.8%, respectively, whereas femoral
width and dry weight showed slight, non-significant increases (p > 0.05). Of note, L-
OPN intervention alone selectively promotes longitudinal growth, increasing length by
5.8% without altering width [4], whereas in the mixed-protein system, both longitudinal
and transverse bone development were enhanced simultaneously (Figure 3c,d). This
difference suggests that within a breast milk-simulating protein matrix, L-OPN and other
milk proteins may release novel bioactive peptides through co-digestion, thereby potentially
activating periosteal osteogenesis and contributing to lateral bone mass accumulation.

Figure 3. Bone characteristics of rats in the CON, PRO and L-OPN groups. (a) Femoral length;
(b) Femoral wet weight; (c) Femoral dry weight; (d) Femoral width; (e) Femoral thickness; (f) Maxi-
mum force; (g) Maximum displacement; * p < 0.05, ** p < 0.01, *** p < 0.001.

The biomechanical properties of the femur are critical for motor function and the sta-
bility of the skeletal system [24]. As shown in Figure 3f,g, compared with the CON group,
the maximum load increased significantly in both the PRO and L-OPN groups (p < 0.05).
No significant differences were observed in maximum load or maximum deflection be-
tween the L-OPN and PRO groups (p > 0.05). These results indicate that supplementation
with dairy protein enhances bone strength. Moreover, within the protein matrix, L-OPN
promoted both longitudinal growth (Figure 3a) and transverse development (Figure 3d) of
the femur while maintaining its intrinsic strength (Figure 3f) and toughness (Figure 3g). We
hypothesize that the hydrolysis of caseins and/or whey proteins in the presence of L-OPN
activates osteoprogenitor cells, thereby stimulating bone growth. This mirrors the bioef-
ficacy of human milk components. The preserved biomechanical properties (Figure 3f,g)
confirm that accelerated growth does not compromise structural integrity.

3.4. The Effect of L-OPN-Fortified Formula on Bone Microstructure

Three-dimensional reconstruction and quantitative analysis showed that compared
with the CON group, the PRO intervention did not significantly alter femoral microstructure
(Figure 4). In contrast, the L-OPN group markedly improved femoral microarchitecture:
bone volume fraction increased by 31.0% relative to the PRO group (p < 0.01), the thickness
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and quantity of trabecular bone increased by 8.7% and 15.2% (p < 0.05) respectively, and the
trabecular separation decreased by 20.5% (p < 0.05). Moreover, compared with the CON
group, L-OPN significantly increased bone volume (p < 0.001) and trabecular bone quantity
(p < 0.01).

Figure 4. Femoral microstructure of rats in the CON, PRO and L-OPN groups: (a) three-dimensional
reconstruction image of the femur; (b) bone mineral density of rat femur; (c) bone volume; (d) trabec-
ular bone thickness; (e) the number of trabeculae; (f) trabecular bone separation degree; * p < 0.05,
** p < 0.01, *** p < 0.001.

Three-dimensional reconstruction further indicated a pronounced reduction in
medullary cavity volume. This pattern exhibits dual regulatory characteristics: simi-
lar to L-OPN intervention alone, it stimulates bone volume accumulation by promoting
trabecular bone formation; unlike L-OPN alone, it simultaneously enhances the thickness
of existing trabeculae. These findings align with previous reports on bovine colostrum
protein, containing L-OPN, in mitigating bone loss in ovariectomized models [25]. The
observed decrease in medullary cavity volume indicates the occurrence of endocortical
apposition, a process that has been demonstrated to enhance the cross-sectional area and
bending resistance of the structure [15]. Collectively, these microarchitectural enhance-
ments provide a structural foundation for the observed increases in femoral mass and
biomechanical competence, thereby emphasizing L-OPN potential not only in promoting
growth but also in preventing age- or disease-related trabecular deterioration.

3.5. The Effect of L-OPN-Fortified Formula on Gut Microbiota

L-OPN may promote bone growth and development by modulating the intestinal
microbiota composition [3]. In this study, we also assessed changes in the gut microbiota of
rats following intervention with the L-OPN-fortified formula. The diversity of the composi-
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tion of intestinal flora in rat feces was analyzed, as shown in Figure 5a–c. α-Diversity is
an indicator that describes the richness, uniformity and distribution of species in micro-
bial communities [26], whereas β-diversity quantifies the differences in species diversity
among different samples [27]. The L-OPN-fortified formula had no significant effect on
the α-diversity indices, i.e., the Chao1, Shannon, and Simpson indices (p > 0.05). This was
similar to the result that there was no significant change in the α-diversity of the intestinal
microbiota in obese pregnant mice after L-OPN intervention [28]. However, L-OPN for-
tification significantly increased β-diversity (Figure 5d, p < 0.05), confirming the overall
reconstruction of the microbiota structure. To clarify the specific changes in the intestinal
microbiota, the composition at the phylum level was analyzed, with results shown in
Figure 5e–h. Firmicutes and Bacteroides are the two dominant phyla. The abundance ratio
(B/F) of these two phyla is often used to assess the balance of the intestinal microbiota.
Intervention with the L-OPN-fortified formula significantly increased the abundance of
Bacteroidetes (by 25.2%, p < 0.01), while significantly reducing the abundance of Firmicutes
(by 12.8%, p < 0.05), resulting in a significant increase of 43.6% in the B/F ratio (p < 0.01).
This indicates that in the complex protein system simulating breast milk, L-OPN-fortified
intervention significantly regulates the diversity and composition of the intestinal flora in
growing rats.

Figure 5. Intestinal flora composition of rats in the CON, PRO and L-OPN groups: (a) Chao1 index;
(b) Shannon index; (c) Simpson index; (d) β diversity; (e) accumulation diagram of microbiota
composition; (f) relative abundance of Bacteroidota; (g) relative abundance of Firmicutes; (h) Bac-
teroidota/Firmicutes; * p < 0.05, ** p < 0.01.

The LEfSe analysis further identified the key responding microbiota (Figure 6). In the
L-OPN group, the genera that contributed the most to the difference (LDA > 3) were Bac-
teroides and Parabacteroides, respectively. The most contributing bacterial species (LDA > 3)
were Bacteroides uniformis, Parabacteroides distasonis and Parabacteroides sp CT06. As shown
in Figure 6b–f, compared with the control group, the relative abundances of the above-
mentioned genera/species in the L-OPN group were significantly increased (p < 0.05).
Among them, the abundance of Parabacteroides, Parabacteroides_distasonis and Parabac-
teroides_sp_CT06 increased significantly, increasing by 83%, 119% and 123% respectively.
This result is consistent with the findings in a previous study that L-OPN intervention pro-
motes an increase in Parabacteroides abundance [3], indicating that in the complex protein
system, L-OPN can still exert regulatory effects on specific intestinal microbiota.
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Figure 6. The relative abundance of different bacterial genera/species: (a) LEfSe diagram of the mi-
crobiota; relative abundance of (b) Bacteroides; (c) Bacteroides_uniformis; (d) Parabacteroides; (e) Parabac-
teroides_distasonis relative abundance; (f) Parabacteroides_sp_CT06. * p < 0.05.

A correlation analysis was conducted on the important differentially expressed in-
testinal microbiota and skeletal indicators screened out above. The heat map (Figure 7)
showed that, except for serum bone metabolism indicators (BALP, CTX-I) and trabecular
bone separation, all the other apparent indicators were significantly positively correlated
with the abundance changes in representative intestinal flora genera/species. Among them,
Parabacteroides showed a very strong positive correlation with bone development indicators:
body length (r = 0.72, p < 0.05), femoral thickness (r = 0.89, p < 0.01), bone volume (r = 0.77,
p < 0.05), and trabecular bone thickness (r = 0.95, p < 0.001). These correlations suggest an
association between the genus Parabacteroides (especially Parabacteroides distasonis) and
bone development. The specific enrichment of Parabacteroides, particularly Parabacteroides
distasonis, as a known producer of secondary bile acids, is consistent with a potential role
between L-OPN, microbial metabolism, and bone anabolism. Parabacteroides distasonis has
been demonstrated to enhance intestinal barrier function and suppress systemic inflamma-
tion [14], both of which are conducive to osteoblast activity [29]. Furthermore, its capacity
to deconjugate and transform primary bile acids into bioactive secondary forms [30] may
directly influence the bile acid–bone signaling axis identified in our metabolomics data.
Our data reveal an associative interaction (L-OPN–Parabacteroides–bile acid–bone), which
demonstrates the capacity of dietary proteins to manifest systemic effects that are associated
with gut microbes.
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Figure 7. Correlation analysis of differential bacterial genera/species and skeletal indicators: (a) Cor-
relation analysis heat map: The color of the graph within the grid reflects the degree of correlation.
Red indicates a positive correlation, while blue indicates a negative correlation. The darker the color
(the larger the circle), the greater the absolute value of the correlation. Asterisks indicate a significant
correlation, with * p < 0.05, ** p < 0.01, and *** p < 0.001. (b) Correlation scatter plot, including
correlation coefficients and significance, with solid lines representing linear fitting curves and dashed
lines representing 95% confidence intervals, every dot represents a sample of a rat.

3.6. The Effect of L-OPN-Fortified Formula on Serum Metabolites

To explore whether the changes in the composition of the intestinal microbiota after
L-OPN intervention would regulate bone metabolism by regulating serum metabolites,
non-target metabolomics analysis was conducted on serum samples. The two-dimensional
score graph of the orthogonal partial least squares discriminant analysis (OPLS-DA) model
shows (Figure 8a) that there are significant differences in the metabolic profiles between
the L-OPN-fortified group and the control group. Metabolic set enrichment analysis
(MSEA) revealed that the top three metabolic sets in terms of significance were primary
bile acid biosynthesis, steroid biosynthesis, and retinol metabolism (Figure 8b). Based
on the difference multiple and significance (Fold Change > 2, p < 0.05), 32 significantly
upregulated metabolites and 12 significantly downregulated metabolites were identified
in the L-OPN enhancement group (Figure 8c). Based on the KEGG database annotations,
significantly altered metabolites were categorized into functional pathways. As illustrated
in Figure 8d, 84.6% of these metabolites are associated with metabolic pathways. The
Sankey plot (Figure 8e) also presented the same result, and the significant differences
in metabolites were found in the glycerophospholipid metabolic pathway. It was found
that only the L-OPN intervention led to an increase in the abundance of Parabacteroides,
promoting the metabolism of bile acids and resulting in a significant enrichment of serum
differential metabolites in the pathways related to fat digestion and absorption (Figure 8c).
Therefore, this study further focused on the changes in bile acid metabolism to explore its
potential regulatory mechanism on bone metabolism under L-OPN intervention.

As shown in Figure 9a, a total of 31 bile acids were identified. Among them, Lithocholic
acid (LCA) and 12-Ketolithocholic acid (12-KLCA), Sulfoglycolithocholate (SLCG-SO3),
7-Ketolithocholic acid (7-KLCA) and Cholic acid (CA) exhibited the highest peak areas,
indicating their relatively abundant accumulation or strong ionization response under the
analytical conditions. Compared with the CON group, the total bile acid content in the
serum of rats in the L-OPN group (23.06 ± 1.85 μmol/L) was significantly increased by
18.7% (p < 0.001). The level of CA increased extremely significantly by 94.9% (p < 0.01), and
the level of 12-KLCA was also significantly upregulated, by 91.1% (p < 0.05). CA has physi-
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ological activities such as maintaining bile acid homeostasis, improving inflammation, and
protecting nerves. Clinically, CA is used to treat cholestatic diseases, which can improve
lipid metabolism and prevent liver damage [31]. CA also suppresses osteoclast differenti-
ation by inhibiting the AMPK signaling pathway [32]. 12-KLCA is an anti-inflammatory
secondary bile acid derived from the microbiota that targets and regulates group 3 innate
lymphoid cells (ILC3s), and it is a potential intervention molecule for ulcerative colitis [33]
and metabolic diseases [34]. The gut microbiota are involved in the metabolism of bile acids.
The results of the correlation analysis also showed (Figure 9c,d) that the level of bile acids
was significantly correlated with the relative abundance of Bacteroides (r = 0.82, p < 0.01),
and was also significantly positively correlated with the abundance of Parabacteroides
distasonis (r = 0.83).

Figure 8. Serum metabolite composition of rats in the PRO and L-OPN groups. Serum metabolite
(a) OPLS-DA graph; (b) MSEA enrichment analysis chart; (c) volcano map; classification of serum
differential metabolites (d) metabolite pathways; (e) KEGG Sankey bubble chart.

Certain specific bile acids have also been confirmed to have the function of regulating
bone metabolism. For instance, chenodeoxycholic acid can activate the differentiation of
bone marrow stem cells into osteoblasts mediated by Runx2 while inhibiting the generation
of adipocyte-like phenotypes [35]. Intervention with 200 mg/kg taurodeoxycholic acid for
four weeks can significantly increase the femoral bone volume and bone mineral density
of mice [36]. Therefore, a correlation analysis was conducted between bile acid levels and
bone indicators (Figure 10). The results indicated that body length, bone volume, and
trabecular bone separation were significantly correlated with bile acid levels. Among them,
the level of 12-KLCA was positively correlated with body length (r = 0.78, p < 0.01) and
bone volume (r = 0.77, p < 0.05), and significantly negatively correlated with trabecular
bone separation degree (r = 0.77, p < 0.01). This suggests that the observed changes in bile
acids, particularly 12-KLCA, may be associated with the metabolic conditions of bone.
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Figure 9. Analysis of the composition of serum bile acids and their correlation with intestinal flora:
(a) serum bile acid profile; (b) serum total bile acid content; (c) serum bile acid response value;
(d) serum 12-ketocholic acid response value; correlation between serum differential bile acids and
differential intestinal flora (e) heat map and (f) scatter plot. The color of the graph within the grid
reflects the degree of correlation. Red indicates a positive correlation, while blue indicates a negative
correlation. The darker the color, the greater the absolute value of the correlation. Solid lines represent
linear fitting curves, and dashed lines represent 95% confidence intervals, every dot represents a
sample of a rat. * p < 0.05, ** p < 0.01, *** p < 0.001.

The metabolic status of the bile acids was determined, and it was found that the bile
acid transport receptors at the terminal ileum also changed (Figure S1). Among them,
the gene expressions of Asbt and Ostα were upregulated by 1.42 times and 0.98 times
respectively compared with the control group (p < 0.001), indicating that L-OPN promoted
the reabsorption of the bile acids and the enterohepatic circulation, and optimized the
metabolism of the bile acids. Bone cell membrane receptor Tgr5 and nuclear receptor Fxr
are important targets for bile acid regulation of bone metabolism [32].

The results of the molecular docking (Figure S1a,b) showed that 12-KLCA could in-
teract with human TGR5 [37] and FXR [38], with binding energies of −6.1 kcal/mol and
−7.8 kcal/mol, respectively. L-OPN enhancement significantly upregulated the expression
of bile acid receptor Fxr (increased by 1.47 times, p < 0.05) and Tgr5 (increased by 3.59 times,
p < 0.001) in the femur. It also activated the expression of the downstream transcription
factor Runx2 (increasing by 2.57 times, p < 0.001). Ileal bile acid transporters (ASBT and
OSTα) and bone FXR/TGR5 receptors create a coordinated signaling loop. 12-KLCA is
a microbiota-derived secondary bile acid enriched in our study that correlates strongly
with bone metrics and demonstrates favorable binding to TGR5 and FXR. TGR5 activates
osteoblast differentiation via cAMP/PKA, while FXR suppresses osteoclastogenesis. To-
gether, these findings position bile acids not merely as metabolic intermediates but as
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potential endocrine mediators, thereby providing a plausible framework through which
gut microbial activity could be translated into skeletal anabolism.

Figure 10. Correlation analysis of differential bile acids and bone indicators. Correlation between
serum differential bile acids and femoral indicators (a) heat map and (b) scatter plot. The color of the
graph within the grid reflects the degree of correlation. Red indicates a positive correlation, while
blue indicates a negative correlation. The darker the color, the greater the absolute value of the
correlation. Solid lines represent linear fitting curves, and dashed lines represent 95% confidence
intervals, every dot represents a sample of a rat. * p < 0.05, ** p < 0.01.

In addition to the gut–bone axis pathway, which was identified in our previous
studies [3,4], L-OPN may also be involved in bone regulation by promoting calcium
absorption and generating osteogenic peptides. Consequently, we further validate the
latter two mechanisms. As shown in Figure S2a–c, the L-OPN-fortified formula significantly
upregulated (p < 0.05) the expression of genes related to calcium transmembrane transport
(Trpv6, Cacnald, Atp2b1) and key protein genes of the cell bypass pathway (Cldn15, Occludin)
in the jejunum of rats. However, no significant change was observed in the blood calcium
level (p > 0.05), and although the bone mineral content slightly increased, the difference
was not significant (p > 0.05). The above results indicate that promoting calcium absorption
is not the main way for L-OPN to exert its bone-promoting effect. In addition, there was
no significant difference in the content of L-OPN derived polypeptide WS7 in the serum
of the two groups of rats (p > 0.05), and there was no significant correlation between the
WS7 level and the body length, femoral length, and bone volume of the rats (p > 0.05),
indicating that the bone growth promoting effect of the L-OPN-fortified formula was
not related to WS7. Despite this, it cannot be ruled out that L-OPN may generate other
polypeptides with osteogenic activity in the protein matrix. This hypothesis requires further
experimental verification.
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4. Conclusions

In conclusion, this study provides preliminary evidence that L-OPN-fortified formula
is associated with the concurrent modulation of the gut microbiome, bile acid metabolism
(notably 12-KLCA), and bone tissue, supporting healthy skeletal development in a juvenile
rodent model. However, this study has several limitations that warrant consideration.
First, the experiments were conducted in a rodent model; although growing rats are
a well-established surrogate for infant skeletal development, translatability to human
infants requires validation in clinical studies. Second, while we identified 12-KLCA as a
potential mediator, causal evidence linking this bile acid metabolite to osteogenesis was not
established; future studies using metabolite supplementation or receptor knockout models
are needed. Finally, the protein matrix used herein simulates only key aspects of infant
formula and does not fully recapitulate its complex composition (e.g., lipids, carbohydrates,
and micronutrients), which may modulate L-OPN bioactivity in real-world formulations.
Therefore, while L-OPN presents as a promising multifunctional nutritional component, its
functional significance and true potential for infant health remain uncertain and warrant
further investigation under more physiologically and clinically relevant conditions.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu18081265/s1: Table S1: Primer sequence; Figure S1: Changes
in bile acid metabolism. Molecular docking results of 12-KLCA with (a) TGR5 and (b) FXR; (c) Ex-
pression levels of genes related to ileal bile acid transport; (d) Expression levels of femoral bile acid
receptors and downstream genes; * p < 0.05, *** p < 0.001; Figure S2: Changes in calcium and WS7
metabolism in rats. (a) Serum calcium content; (b) Bone mineral content; (c) Expression level of jejunal
calcium transporter genes; (d) Serum WS7 content; (d–g) Correlation between the content of WS7 in
rat serum and body length, femoral length and bone volume; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Abstract

Background: Chlorophyll (Chl), widespread in fruits and vegetables, has been shown to
have numerous nutritional functions, including beneficial effects on obesity. However,
whether Chl has an anti-aging effect remains unclear. Methods: Here, we studied the
beneficial effects and mechanism of Chl on delaying aging using a Drosophila model.
Results: The results showed that dietary supplementation of Chl in an appropriate dose
(3.925 mg/L) significantly extended the lifespan (7.66–13.94%), improved climbing ability,
increased CAT activity, reduced MDA content, enhanced stress resistance to starvation,
heat stress, and cold shock in Drosophila. Notably, lifespan extension was not associated
with dietary restriction, reproductive sacrifice, or circadian rhythm regulation. RNA-Seq
analysis showed that Chl supplementation led to differential expression of 723 genes in
female flies and 435 genes in male flies. KEGG analysis revealed that these differentially
expressed genes were significantly enriched in the xenobiotic metabolism (XM) pathway.
Within this pathway, phase II detoxifying enzyme genes associated with the CncC (Nrf2)
signaling pathway (GstD10, GstE7, Ugt37A3, and AOX2) were significantly downregulated
in both sexes. In contrast, protective target genes from the same pathway (cat, Mrp4, Hsp68)
were significantly upregulated, as confirmed by qPCR. Conclusions: Taken together, our
data indicate that Chl supplementation delays aging in Drosophila melanogaster via enhanced
stress resistance and remodeling of the detoxification network.

Keywords: chlorophyll; anti-aging; antioxidant; stress resistance; Nrf2; Drosophila melanogaster

1. Introduction

Aging in humans is a complex biological process characterized by a time-dependent
progressive decline in physiological integrity, resulting in functional impairment and
heightened susceptibility to mortality [1]. This degenerative process is associated with sev-
eral hallmarks of biological alterations, including reduced food intake, decreased mobility,
diminished reproductive capacity, impaired antioxidant defenses, and an imbalance in gut
homeostasis [2]. These degenerative processes represent the foremost risk factor for major
human pathologies, including cancer [3,4]. Therefore, promoting “healthy aging”—the
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maintenance of functional capacity in later life by mitigating the progression of age-related
pathologies—has become a critical imperative for us [5,6].

Aging is not only a change in appearance but also involves the comprehensive effects
of genes, cellular functions, metabolic disorders, and environmental factors [7,8]. The
genetics of aging research has revealed a complex network of interacting intracellular
signaling pathways and higher-order processes. Many of the pathways and processes,
such as dietary restriction, that have been identified are known to be critical in homeostatic
responses to environmental change [9]. Studies have established that numerous genes are
implicated in their regulation. For example, activation of the single forkhead box o (FoxO),
which is inhibited by phosphorylation via the InR/IRS/Akt axis, results in a robust lifespan
extension in Drosophila [10]. These results offer novel insights into the genetic regulation of
aging processes.

While altering the progression of aging at the organismal level remains highly chal-
lenging, achieving relative rejuvenation at the cellular or tissue level is feasible. This can be
accomplished through the application of bioactive plant-derived compounds or advanced
technological interventions [11,12]. Studies have found that certain phytochemicals, such as
polyphenols, lycopene, aspirin, and berberine, can decelerate the aging process, extend lifes-
pan, or mitigate aging-related diseases [13–15]. Some phytochemicals may induce hormesis,
a biphasic dose–response phenomenon where low doses elicit stimulatory benefits while
high doses exert inhibitory effects [16]. For instance, 200 μM Epigallocatechin-3-gallate
(EGCG) significantly extended the lifespan of C. elegans, while 1000 μM EGCG reduced
worm longevity [17]; similarly, Proshkina et al. [18] reported that short-term and intermit-
tent quercetin exposure was more effective in lifespan extension than long-term continuous
exposure in D. melanogaster. Such effects, usually driven by appropriate low doses, enhance
brain resilience, improve organismal stress tolerance, and slow aging by activating host
defense pathways (e.g., Nrf2 antioxidant signaling) and stress-tolerance genes (e.g., GST,
Hsp70) [19–21]. Chlorophyll (Chl), the most abundant plant secondary metabolite in nature,
with an annual production exceeding 1.2 billion tons [14,22], plays pivotal roles across
multiple domains. Its applications span from food coloring and functional food additives
to biomedical materials and renewable energy systems [23,24]. Additionally, emerging evi-
dence from recent research reveals Chl’s bioactive potential in areas of obesity suppression,
gut microbiota modulation, and lipid metabolism regulation [25–27]. However, there is
almost no research on Chl’s anti-aging properties and the underlying mechanisms.

Drosophila melanogaster has a rich history in biological research, contributing to many
key discoveries in genetics, development, and neurobiology. Thegenome contains~63%
that have human orthologs [28]~75% of known human pathogenic genes are homologous
to fruit flies [29,30]. The model organism is characterized by its small size, short lifespan,
and rapid reproductive cycle, making it an ideal system for investigating the anti-aging
mechanisms of natural extracts [11]. This study employs the Drosophila model system to
investigate the anti-aging mechanisms underlying Chl’s age-delaying effects.

2. Materials and Methods

2.1. Chl Extraction and Purification

Chl extraction was performed using the method of Li et al. [31] Briefly, fresh spinach
leaves of Spinacia oleracea ‘Super King’ (Japanese cultivar) harvested in May from Linyi
City, Shandong Province, China, were homogenized using a T25 digital ULTRA-TURRAX®

homogenizer (IKA Works GmbH & Co. KG, Staufen, Germany) with a mixture of anhy-
drous ethanol and petroleum ether. The homogenate was centrifuged (CR21GII, Hitachi
Group, Tokyo, Japan), and the supernatant was subjected to phase separation in a sepa-
ratory funnel. The petroleum ether phase (containing Chl) was washed, dried, and then
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concentrated via rotary evaporation (RE-5210A, Shanghai Yarong Biochemical Instrument
Factory, Shanghai, China) at 36 ◦C under reduced pressure. The purification was performed
by column chromatography on neutral alumina (200–300 mesh) with stepwise elution,
mainly removing carotenoids and lutein. Finally, the organic solvent in the purified Chl
was removed using a multifunctional nitrogen blower, and Chl (Chl a:Chl b ≈ 3:1) [32] with
a purity of 86.6% was obtained [33] and stored at −80 ◦C in the dark. The remaining minor
components (13.4%) mainly consisted of homologous lipophilic pigments, Chl degradation
products, and lipids.

2.2. Media Preparation, Drosophila Stocks, and Husbandry

Media preparation was performed according to the methodology of Dr. Juan Du’s
laboratory (China Agricultural University, Beijing, China). The media used for larval
development and longevity assays are shown in Table 1. For the yeast medium, combine
water, CaCl2, sucrose, and dextrose and mix well. Increase heat and add cornmeal and
yeast; boil for 10 min; add agar, and keep boiling for 5 min. Allow food to cool to 60 ◦C;
add ethyl paraben and propionic acid; and dispense. The yeast was bought from Angel
Yeast Co., Ltd. (low-sugar, high-activity dry yeast powder, Yichang City, Hubei Province,
China). Chl groups were to add Chl to the yeast medium to a final concentration of
15.7 mg/L, 7.85 mg/L, and 3.925 mg/L, respectively, before it was dispensed. As Chl
is easily degraded by light, the media prepared were stored in the refrigerator at 4 ◦C
and protected from light, and were freshly prepared every six days. The Chl content in
the culture medium was determined based on a literature review, with comprehensive
consideration of daily vegetable intake, equivalent dose conversion, typical dosage ranges
of plant extracts, and the solubility properties of chlorophyll, and was further confirmed
through preliminary experiments.

Table 1. Formula of culture medium.

Yeast Medium Grape Juice Medium Medium for Hunger Experiment

Ingredient Per Liter Food Ingredient Per Liter Food Ingredient Per Liter Food

Water (mL) 1000 Water (mL) 800 Water (mL) 965
CaCl2 (g) 0.726 Sucrose (g) 15 Agar (g) 15

Sucrose (g) 31.62 Agar (g) 37.5 Ethyl Paraben
(mL; 10% w/v) 30

Dextrose (g) 63.2 Grape juice (mL) 200 Propionic Acid (mL) 5

Cornmeal (g) 77.7 Ethyl Paraben
(mL; 10% w/v) 15

Yeast (g) 32.2
Agar (g) 8

Ethyl Paraben
(mL; 10% w/v) 15

Propionic Acid (mL) 5

Grape juice medium was used to collect Drosophila eggs. The preparation method is
to boil pure water, sucrose, and agar in a pot. Add grape juice, stir over low heat, cool to
60 ◦C, add nipagin, evenly dispense, and store in the refrigerator at 4 ◦C, protected from
light after cooling and solidification. When using it, apply a small amount of yeast paste
(3 g of yeast and 10 g of water) on the surface of the medium.

The wild-type Drosophila melanogaster Canton-S and W1118 (NO.5905) stocks were
obtained from Dr. Juan Du’s laboratory (China Agricultural University, Beijing, China).
Fly stocks were maintained on standard food in an incubator at 25 ◦C, 60% humidity, with

https://doi.org/10.3390/nu18091465
25



Nutrients 2026, 18, 1465

a 12 h light/12 h dark cycle unless otherwise stated. Flies for aging were collected and
transferred to fresh food every 3 days.

Prior to all experiments, fly cultures were maintained at constant density for at least
2 generations. Embryo collections were synchronized to ensure developmental unifor-
mity [34].

2.3. Survival Analysis

The lifespan assay was conducted as described by Libert et al. [34] and Castillo-Quan
et al. [35] Adult flies were collected over 24 h and promptly transferred to yeast food.
Following collection, flies were allowed to mature and mate for 48 h, after which males and
females were separated under light CO2 anesthesia and placed in vials with appropriate
food (Canton-S, n = 160 to 200 per group; W1118, n = 200 to 260 per group, 15 to 20 per vial).
In subsequent experiments, unless otherwise specified, collection and processing were
according to this procedure. Vials were stored on their side, which allowed the flies to
wander away from the food even at an advanced age. Vials were changed every 3 days, at
which time dead flies were removed and counted. Survival curves were tracked until all
flies had died, and the mean, median, and maximum lifespans of the flies were determined.

There were five groups for each fly stock and each sex. One standard food group was
maintained in an incubator with a 12 h light/12 h dark cycle as a daily reference group.
The blank control group and three Chl experimental groups, as shown in Section 2.2 were
maintained in an incubator under continuous 24 h dark conditions.

For starvation resistance, flies were collected as described and placed on yeast food to
age for 10 days. Flies were then placed in fresh vials containing 1.5% agar with 3% ethyl
paraben (10% w/v) and 0.5% propionic acid (n = 100 per group, 10 per vial). Vials were
changed daily, and the number of dead flies was recorded every 12 h until all flies died,
and survival curves were constructed.

2.4. Climbing Index Measurement

After collection and mating, as in the longevity assays, 15-day-old adult flies were
placed in a vertical empty tube and adapted for 5 min (n = 80 to 100 per group, 10 per vial).
After gently shaking the flies to the bottom of the tube, the flies habitually climbed upwards.
The number of flies that reached the top of the tube within 10 s was recorded (A). Each
group of flies was tested at least 5 times, with a minimum interval of 5 min between each
test, and shaken with a similar force each time. The climbing index was calculated as
CI = A/total.

2.5. Feeding and Body Weight Assays

Food intake detection was determined according to the method of Libert et al. [34].
After collection and mating as outlined for the longevity assays, 15-day-old adult flies
were weighed and then fed standard food supplemented with 0.5% (w/v) FD&C Blue #1
(Shanghai Dye Research Institute Co., Ltd., Shanghai, China). FD&C Blue #1 (Synonyms:
Acid Blue 9, Erioglaucine; Brilliant Blue FCF, C37H34N2O9S3Na2) was shown to be harmless
to flies and is routinely used to color human food, drugs, and household chemicals. The
dye does not decompose at low pH and is thermo-stable. Flies were exposed to dyed
food for 20 min, after which groups of 5 female/male flies (8–10 groups per sample) were
homogenized in 200 μL of PBS and cleared by centrifugation at 8000× g for 10 min. After
centrifugation, the absorbance of the supernatant was measured at 625 nm.

2.6. Reproduction Assays

Flies were collected as virgins within 6 h of eclosion. Following collection, the virgins
were placed on yeast medium and aged for 24 h. Then, males and females were separated
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and randomly assigned to groups. After 10 days of feeding with appropriate medium,
ten replicate vials of 10 females and 15 males were established containing the grape juice
medium (covered with yeast paste: 3 g yeast and 10 g water) for 24 h to stimulate egg
production (10 vials per group). The flies were then removed, and egg counts were
performed on day 5.

2.7. Circadian Rhythm Measurement

Circadian rhythm of individual male flies was measured using the Drosophila Activity
Monitoring (DAM) System (DAM2, Trikinetics, Waltham, MA, USA) [36]. Male flies (aged
15 days) were loaded individually into glass tubes with a length of 65 mm and an inner
diameter of 5 mm. The flies (n = 16) were entrained to a 12 h light/12 h dark cycle
for 3 days and then released to constant darkness for at least six days to measure their
rhythmicity. Chi-squared periodogram analysis determined whether a fly was significantly
rhythmic (α = 0.05). Data analysis was done on a Macintosh computer running the FaasX
(Fly activity analysis suite, 1.22 (32-bits)) software (obtained from https://trikinetics.com,
NeuroPSI, France). Individual flies with power (≥10) and “width” values of 1.5 or more
were considered rhythmic [37]. Activity data were collected using MATLAB (R2022a,
MathWorks, Natick, MA, USA) for each fly, and were binned every 30 min for the circadian
rhythm analyses.

2.8. Hydrogen Peroxide (H2O2) Challenge Test

For the acute oxidative stress test, this study employed a modified hydrogen peroxide
(H2O2) challenge assay, based on the method of Wongchum et al. [38] Hydrogen peroxide
was diluted with 6% glucose solution to a final concentration of 30%, and 200 μL of the
diluent was added onto a filter paper. Flies were then transferred to measuring tubes lined
with the H2O2 filter paper, with 10 flies per tube and 10 replicate tubes per group. The
number of fly deaths was counted every 3 h until all were dead, and a survival curve
was drawn.

2.9. Antioxidant Enzyme Activities and MDA Content

A sample (more than 100 flies per sample) of males or females of 15-day-old adult flies
that were fed base and test diets was collected, respectively. Fruit flies were anesthetized
with CO2, and a tissue homogenate was prepared by adding physiological saline (5 flies
with 100 μL). The homogenate was centrifuged in a low-temperature centrifuge for 15 min
(4 ◦C, 8000 r/min). Malondialdehyde (MDA) levels, superoxide dismutase (SOD) activity,
and catalase (CAT) were measured separately by using MDA kit (cat. BC0025), SOD kit (cat.
BC0175), and CAT kit (cat. BC0205) produced by Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China).

2.10. Environmental Stress Test

Fifteen-day-old adult flies (more than 100 flies per sample, 10 flies per vial, 10 vials per sample)
were prepared for testing. In the cold shock recovery experiment, we exposed all flies to
a 4 ◦C environment until their complete activity ceased. Afterward, the fruit flies were
transferred to room temperature, and the time required for recovery from cold shock
was recorded. For the heat stress resistance experiment, the flies were kept in a constant
temperature incubator at 39 ◦C, and their survival status was recorded every hour until
they all died. Survival curves were drawn at the end.

2.11. Triglyceride and Glucose Assays

After collection and mating as outlined for the longevity assays, 15-day-old adult flies
(10 females or males) were transferred into a 1.5 mL centrifuge tube and quick-frozen in
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liquid nitrogen (10 tubes per group). After homogenization in 200 μL of 0.05% PBS/Triton-
X buffer, the triglyceride content of each group was determined according to the TAG
kit method (# A110-2-1, Nanjing Jiancheng Bioengineering Research Institute Co., Ltd.,
Nanjing, China). For the glucose assay, the flies were starved for 1 h, centrifuged, and
the supernatant was taken. The glucose was then determined using the glucose content
detection kit method (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China)
according to the instruction manual.

2.12. RNA Sequencing

RNA sequencing was performed as described by Zhu et al. [2]. Briefly, the female or
male flies (Canton-S) were cultured in the standard medium and in medium supplemented
with 3.925 mg/mL Chl for 15 days. Total RNA was extracted from different groups, and
the integrity was determined by the Bioanalyzer 2100 system (Agilent Technologies, Santa
Clara, CA, USA). The total amount of RNA samples was detected by the ND-2000 (Thermo
Fisher Scientific, Waltham, MA, USA). Then, mRNA was enriched from total RNA and
randomly fragmented. After library construction and quality inspection, transcriptome
sequencing was performed on the Illumina platform (Illumina, San Diego, CA, USA). To
identify DEGs (differentially expressed genes), the expression level of each transcript was
calculated according to the transcripts per million reads (TPM) method. Subsequently,
DESeq2 (v1.49.4, Bioconductor, USA & Germany) was used for differential expression anal-
ysis, and the ClusterProfiler R package (v4.0.2, YuLab-SMU, Southern Medical University,
Guangzhou, China) was used for GO and KEGG pathway enrichment analysis. RNA-seq
was performed at Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China). Finally,
based on the differentially expressed transcription factor (TF) genes shared between males
and females annotated from RNA-seq data, upstream regulators of these differentially
expressed TF genes were predicted, and their motif analyses were performed using RStudio
(version 2026.01.2-418, Posit PBC, Boston, MA, USA) combined with the AnimalTFDB and
JASPAR databases (1000 bp–0 bp, Cor > 0.5).

2.13. Quantitative RT–PCR (qRT-PCR)

Total RNA was extracted from approximately 10 flies using an extraction reagent kit
(R1200, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The cDNAs were
synthesized by reverse transcription using HiScript III RT SuperMix for qPCR (+gDNA
wiper) (R323, Nanjing Vazyme Biotech Co., Ltd., Nanjing, China). The cDNA preparation
was then subjected to real-time quantitative PCR (SYBR Green I Chimeric Fluorescence
Method) according to the protocol of Taq Pro Universal SYBR qPCR Master Mix (Q712,
Nanjing Vazyme Biotech Co., Ltd., Nanjing, China). 2−ΔΔCT method was used to calculate
the relative expression of mRNA of each gene. All the primers used are listed in Table 2.

Table 2. List of primers used in gene expression study.

Gene Name Primer Sequences (5′ to 3′) Gene Name Primer Sequences (5′ to 3′)

AOX2 F:TTCGGTGGAAACCTCTGTCG
R:GCTCGAAGGAGTCCTCGATG GstE7 F:ATTATTGAGGTCTATGACTTCCT

R:GTCCACCTTTACGAAGACCT

GstD10 F:TGTGGAGTTCGATAAGAAGAC
R:ATTGGCATACCGCTTGAAAT cat F:TGACTACAAAAACTCCCAAACG

R:TTGATTCCAATGGGTGCTC

sod1 F:GGAAAACGCGCATAAACATT
R:GGATTTCTGGATGTGGTGCT sod2 F:AATTTCGCAAACTGCAAGC

R:TGATGCAGCTCCATGATCTC

Mrp4 F:AAGAACGTGGACGGTCAAAC
R:GCAAATTGTCGAACTCAGCA Hsp68 F:TTAAGGATGGTGAGGCCAAG

R:CACGGAATTGTTGGTGTTTG

rp49 F:GCACCAAGCACTTCATCC
R:CGATCTCGCCGCAGTAAA
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2.14. Statistical Analysis

Each experiment was performed at least in triplicate. The results obtained were
analyzed and the graphs were drawn using Prism 9 (Version No.6, GraphPad, San Diego,
CA, USA). Data are presented as the mean ± standard deviation (S.D). Comparisons of
survival rates between groups were conducted using the log-rank test for significance.
Apart from survival rates, one-way analysis of variance (ANOVA), t-test, and chi-square
test were used to determine statistical significance. The differences between groups were
considered statistically significant at p < 0.05 for all tests, and significance was denoted as
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3. Results and Discussion

3.1. Effects of Chl Supplementation on the Lifespan and Athletic Ability in Drosophila

As age increases, the body’s resistance to harsh external environments decreases,
causing some aging-related diseases and affecting life expectancy [39]. Studies have shown
that lifespan is the most direct reflection of aging [40], and motor ability is negatively
correlated with aging. Therefore, we detected the effect of Chl supplementation on the
healthspan of fruit flies through lifespan and climbing ability.

Female and male Drosophila were reared on media containing different concentrations
of Chl for the lifespan test. Compared with the control group, Chl supplementation at
a certain concentration significantly increased the survival rate, mean lifespan, median
lifespan, and maximum lifespan in flies (Figure 1A and Table 3). For the Canton-S (female
and male) and W1118 (male), 3.925 mg/L was the optimal concentration for addition; while,
for W1118 (female), the optimal concentration was 15.7 mg/L. Among them, the mean
lifespan increased by 12.01% (from 46.71 to 52.32 days, p < 0.001), 13.93% (from 30.79 to
35.08 days, p < 0.0001), 8.01% (from 56.33 to 60.84 days, p < 0.001), and 7.66% (from 50.42 to
54.28 days, p < 0.0001), respectively. This suggested that there is an optimal dose of Chl for
lifespan extension, and Chl has a greater impact on the lifespan of Canton-S than W1118.
It is worth noting that the Chl concentration producing the optimal anti-aging effect was
not the highest, but a relatively moderate dose among the experimental groups. This is
consistent with hormesis to some extent, whereby nutrients or natural supplements exert
anti-aging effects at relatively low doses [16]. These findings are also in line with several
recent studies [41,42]. The results indicate that Chl supplementation can delay aging in
Drosophila, but there are differences in the effects across varieties and genders.

A prior study, which focused on the oxidative stress tolerance of Caenorhabditis elegans
(C. elegans) fed with Chl, demonstrated that Chl extends the lifespan of C. elegans by up to
25% [43]. This finding aligns with the results of our current research. Interestingly, increas-
ing evidence shows that many food-derived small molecules, also called phytochemicals,
can extend lifespan in various animal species, such as plant polyphenolics from strawberry,
spinach, blueberry, and tea [13,44]. These studies also indirectly confirm that Chl prolongs
the lifespan of fruit flies. In addition, many studies have found differences in experimental
results among fruit fly varieties and gender [28,45]. Hodge et al. found that under unre-
stricted diet conditions, the lifespan of W1118 (white eye) is significantly prolonged, while
the lifespan of Canton-S (red eye) remains unchanged in continuous darkness. The core
reason for this difference may be that the white gene defect in W1118 leads to a lack of red
pigment protection in its eyes, making it more sensitive to light damage. Therefore, the
dark environment has a more significant effect on extending its lifespan [46].
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(A) 
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Figure 1. Effects of Chl on the lifespan and athletic ability of Drosophila. (A) Survivorship curves;
(B) Climbing ability. Data are presented as the mean ± SD. In panel (A), the p-values were determined
by log-rank test. In panel (B), the p-values were determined by one-way ANOVA with Dunnett’s
multiple comparisons test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. the control group. ns,
no significant difference between the two groups.

As the body ages, physiological functions and self-regulation abilities gradually de-
cline, and the crawling ability of fruit flies is an excellent indicator of the degree of aging
and health status of the body. The better the ability to crawl vertically upwards against
gravity, the younger the body state of the fruit flies [47]. The locomotor abilities of flies fed
with or without Chl for 15 days were detected. Compared with control flies, the climbing
ability of all flies fed with Chl improved, especially with 15.7 mg/L (Figure 1B). The results
show that Chl supplementation could improve the motor behavior of flies and contribute
to their health span.

3.2. Effects of Chl Supplementation on the Food Intake and Fecundity of Drosophila

Caloric restriction (CR) and dietary restriction (DR) have been shown to prolong the
lifespan of multiple species [48]. Pharmacological intervention may extend lifespan via
compensatory effects from the sacrificed reproductive capacity and reduced food intake
that induces dietary restriction [34]. To eliminate interference from these factors, we tested
whether Chl-fed flies exhibit altered feeding behavior or reproductive investment, which
might explain their longevity effect.

The results show that the food consumption of flies with Chl at three concentrations
(3.925, 7.85, and 15.7 mg/L) was not significantly different from that of the control group
(Figure 2A), suggesting that Chl did not alter the food intake behavior of flies. To confirm
that Chl supplementation would not affect the food intake of flies, we analyzed the body
weight of flies at 15 days after Chl addition. The results showed no obvious change in body
weight of Chl-supplemented flies compared with the control group (Figure 2B), demon-
strating that the extension of flies’ lifespan was not driven by additional calorie restriction.
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(A) (B) (C) 

Figure 2. Effects of Chl on the (A) food intake (relative food consumption), (B) weight and (C) fe-
cundity of Drosophila. All data are presented as the mean ± SD. The p-values were determined by
one-way ANOVA with Dunnett’s multiple comparisons test. * p < 0.05 vs. the control group.

In our experiments, the fecundity of treated flies was also not affected by Chl
(Figure 2C). Interestingly, the reproductive rate of Canton-S fed with 7.85 mg/L Chl
actually increased (from 43.27 to 66.67 eggs/day, p < 0.05). This may suggest that the
regulation of chlorophyll in fruit flies is a “positive synergy” rather than a “trade-off” (most
longevity interventions often accompany a decrease in reproductive capacity). In summary,
the results indicate that Chl prolongs the lifespan of fruit flies without restricting dietary
intake or sacrificing their reproductive capacity.

3.3. Regulatory Effect of Chl on the Circadian Rhythm in Drosophila

The circadian rhythm of fruit flies is primarily regulated by light signals, and pro-
longed darkness can gradually uncover and potentially alter their endogenous rhythms [49].
Research has indicated that there is a mutual interaction between circadian rhythm and
aging [50]. To explore whether chlorophyll extends fruit fly lifespan by interfering with
their circadian rhythm changes under dark conditions, we measured the circadian rhythm
of 15-day-old male flies.

It was found that the percentage of rhythmic flies of Canton-S was significantly
improved from 40% to 58.33% when fed with 15.7 mg/L Chl (p < 0.05), indicating that
Chl may interfere with the circadian rhythm of fruit flies. However, the W1118 strain
showed opposite results under Chl treatment (Figure 3 and Table 4). We speculate that
the regulatory effect on rhythm may be related to the concentration of Chl, and the Chl
concentration administered to W1118 was not optimal. However, the circadian rhythm of
fruit flies in the group of 3.925 mg/L Chl was improved to 100%, albeit not significantly. In
addition, it was discovered that the circadian rhythm of W1118 was significantly stronger
than that of the Canton-S group. The reason for this difference may be that Canton-S
maintains its rhythm by receiving light signals through red eye pigments, and under dark
conditions, its own rhythmicity is poor [46]. Therefore, Chl exerts a regulatory effect on
the circadian rhythm of fruit flies, but this effect is relatively weak and lacks consistency
with the lifespan experiment results. Therefore, intervening in fruit fly lifespan via rhythm
regulation is not the primary pathway of chlorophyll.
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Figure 3. Regulatory effect of Chl on the circadian rhythm of Drosophila. (A) Percentage of rhythmic
and arrhythmic flies; (B) Circadian power value of flies with rhythm. Data are presented as the
mean ± SD. The p-values were determined by one-way ANOVA with Dunnett’s multiple compar-
isons test. * p < 0.05; ** p < 0.01; **** p < 0.0001.

Table 4. Circadian rhythm data for Drosophila.

Genetic Groups
Num % Rhythmic Tau Power

Background Chl Level (mg/L)

Canton-S
0 (Light) 9 44.44 15.13 ± 3.13 49.63 ± 10.52

0 10 40 16.9 ± 3.00 40.98 ± 5.52
3.925 10 40 17.88 ± 3.39 47.2 ± 6.21
7.85 11 36.36 23.63 ± 0.13 37.55 ± 6.61
15.7 12 58.33 * 20.43 ± 2.18 42.77 ± 6.36

W1118

0 (Light) 16 100 23.84 ± 0.06 106.76 ± 8.23
0 19 94.74 23.78 ± 0.06 100.58 ± 8.70

3.925 15 100 23.87 ± 0.06 75.44 ± 8.08
7.85 12 83.33 * 25.05 ± 0.65 75.85 ± 9.11
15.7 17 82.35 ** 23.79 ± 0.07 74.97 ± 6.69

* p < 0.05, ** p < 0.001 vs. control.

3.4. Effect of Chl on the Oxidative Stress Resistance

The free-radical theory of aging postulates that oxidative damage underlies the aging
process. Notably, a common feature of many lifespan-extending compounds is their
potent antioxidant capacity [51]. H2O2 was employed to generate hydroxyl radicals (OH),
which elevated reactive oxygen species (ROS) levels and accelerated aging in fruit flies
upon induction [52]. This model was used to examine whether Chl extends lifespan
by enhancing antioxidant capacity [2]. The results showed that supplementation with
a specific concentration of Chl significantly improved the survival rate of flies under
H2O2-induced oxidative stress (Figure 4A). In Canton-S flies, antioxidant capacity was
significantly enhanced in both females and males treated with 3.925 mg/L Chl, the mean
survival time of flies was extended by 17.6% (from 15.38 to 18.08 h, p < 0.05) and 11.1%
(from 12.90 to 14.33 h, p < 0.05). In W1118 flies, males exhibited antioxidant capacity
in the 3.925 mg/L Chl group, with mean survival time increased from 23.43 to 24.84 h
(6%, p < 0.01); while females showed elevated antioxidant capacity in the 7.85 mg/L and
15.7 mg/L Chl groups, with stronger stress resistance observed in females at 15.7 mg/L
Chl (mean survival time increased by 9.6%, p < 0.01). Interestingly, the antioxidant capacity
across different groups followed a trend consistent with the earlier lifespan assay, and the
antioxidant activity of the female group was greater than that of the male group. Together,
these findings indicate that Chl can enhance the antioxidant defense system in fruit flies.
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Furthermore, to investigate whether Chl extends the lifespan of Drosophila by enhanc-
ing antioxidant enzyme activity, the levels of superoxide dismutase (SOD) and catalase
(CAT) and the antioxidant/detoxification-related genes (cat, sod1, sod2, and Mrp4) in Chl-
treated fruit flies were investigated. As shown in Figure 4B,C, CAT activity was significantly
increased in both Canton-S and W1118 strains in a dose-dependent manner following Chl
supplementation. In the 15.7 mg/L Chl group, the CAT activity was increased by 54.8%
(Canton-S, female, p < 0.05), 73% (Canton-S, male, p < 0.05), 55.7% (W1118, female, p < 0.01),
and 62.9% (W1118, male, p < 0.05), respectively. While SOD activity was markedly elevated
only in W1118 flies. Also in the 15.7 mg/L Chl group, the SOD activity was increased
by 33.1% (W1118, female, p < 0.05) and 30.5% (W1118, male, p < 0.05). It can be seen that
the effect of Chl on CAT activity in flies is greater than that on SOD. Malondialdehyde
(MDA), a marker of lipid peroxidation, reflects the extent of oxidative damage in vivo. As
illustrated in Figure 4D, MDA levels were significantly reduced upon Chl treatment in all
groups except female W1118 flies. MDA levels were reduced by 26.5% (Canton-S, female,
p < 0.05), 28% (Canton-S, male, p < 0.01) and 37.3% (W1118, male, p < 0.0001), respectively.
The qPCR results were consistent with these findings (Figure 4E). In the Chl-treated groups
at appropriate concentrations (3.925 mg/mL or 1.9625 mg/mL), the expression levels of
cat and Mrp4 genes were higher than those in the control group in both male and female
Drosophila. However, the expression levels of sod1 and sod2 genes in Chl groups showed
no significant changes compared with the control groups. Together, the change in the
antioxidant capacity of fruit flies may be caused by Chl’s enhancement of the activities of
antioxidant enzymes (mainly CAT) and its inhibition of the production of MDA.

These results suggest that Chl enhances the antioxidant capacity in Drosophila (in vivo),
which is consistent with previous findings that reported that Chl significantly reduced the
damage from juglone-induced acute oxidative stress, especially at low concentrations [43].
A similar finding has been reported for other phytochemicals, like resveratrol and quercetin,
which could improve the ability to resist oxidative stress and prolong life by scavenging
ROS [12,15,53]. Another study has suggested that the genetic pathways underpinning
lifespan extension and stress resistance are likely interconnected [54]. The Nrf2 signaling
pathway (the CncC analog) [55] is one such critical pathway. Furthermore, functional nutri-
ents maintain cellular redox homeostasis by activating the core transcription factor Nrf2
(CncC), as well as its downstream stress-resistance genes (e.g., heat shock protein 68 and 70,
Hsp68 and Hsp70), antioxidant enzymes including superoxide dismutase (SOD), catalase
(CAT), and glutathione S-transferase (GST), and related proteins such as the transporter
Mrp4. This mitigates aging-associated oxidative stress and metabolic dysfunction, thereby
delaying senescence and age-related disorders [56–58]. Given that Chl is a nutrient likely
to exert hormetic effects, and Chl supplementation modulates the expression of cat and
Mrp4, genes associated with the CncC (Nrf2) pathway, elevates catalase (CAT) activity in
a dose-dependent manner, and reduces malondialdehyde (MDA) levels. These findings
therefore indicate that Chl enhances antioxidant responses in Drosophila by regulating the
CncC (Nrf2) signaling pathway, thereby exerting protective effects and extending lifespan.
However, Chl does not activate the CncC (Nrf2) pathway canonically, as the mRNA ex-
pression levels of sod1 and sod2 showed no significant differences between the control and
treatment groups, and SOD activity was also largely unchanged in the Canton-S strain.

Some studies have shown that antioxidant activity alone cannot fully explain
longevity [59,60]. Therefore, the life-extending effect of Chl is likely not based solely
on mitigating oxidative stress.
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3.5. Effects of Chl on the Resistance to Starvation Stress, Heat Shock, and Cold Shock

Interventions that extend lifespan are often associated with enhanced stress resistance
across multiple model organisms, and the CncC (Nrf2) pathway is also involved in regulat-
ing stress resistance in Drosophila. To determine if Chl delays aging by enhancing stress
resilience in Drosophila, multiple physiological markers in 15-day-old flies were assessed.
In addition to measuring the antioxidant capacity, their resistance to starvation, heat stress,
and cold shock were evaluated.
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Figure 4. Effects of Chl supplementation on the antioxidant capacity in Drosophila. (A) Survivorship
curves of flies induced by H2O2; (B,C) Activities of CAT and SOD; (D) The content of MDA; (E) qPCR
analysis of antioxidant and detoxification-related genes. Data are presented as the mean ± SD.
In panel (A), the p-values were determined by log-rank test. In panels (B–D), the p-values were
determined by one-way ANOVA with Dunnett’s multiple comparisons test. * p < 0.05; ** p < 0.01 and
**** p < 0.0001 vs. the control group. ns, no significant difference between the two groups.

Under starvation, fruit flies enter a state of stress and greatly shorten their lifespan [61].
We put Drosophila on an agar-only medium to provide water without nutrients, and mon-
itored and recorded their deaths. As shown in Figure 5A, compared with the control
group, 3.925 mg/L Chl extract extended the mean lifespan of Canton-S flies by 15.2% (from
111.6 to 128.6 h, female, p < 0.01) and 21.8% (62.16 to 75.72 h, male, p < 0.01), respectively.
For W1118 flies, all Chl groups extended the mean lifespan of female flies (increased by
39.8% on average, p < 0.0001), and 7.85 mg/L Chl extended the mean lifespan of male flies
(12.8%, from 114.7 to 129.4 h, p < 0.05). Simultaneously, it was observed that triglyceride (in
W1118) and, more notably, glucose levels (in both Canton-S and W1118) were significantly
reduced following chlorophyll intervention compared to the control (Figure 5B,C). These
results suggest that Chl may contribute to the extension of Drosophila lifespan by affecting
energy storage, and this may be related to its ability to inhibit α-amylase and α-glucosidase
activities [27].

At 4 ◦C, Drosophila falls into a transient dormant state, and its body performance is
greatly impaired [61]. The cold shock test was to judge whether the Chl has a slowing
effect on the flies when they deal with the low-temperature, uncomfortable environment
(Figure 5D). Compared with the control group, the flies in the 3.925 mg/L and 15.7 mg/L
Chl groups woke up quickly and significantly (p < 0.0001). Resuscitation times were 93 s
and 82 s (female, Canton-S), 113 s and 101 s (male, Canton-S), 115 s and 99 s (female,
W1118), 109 s and 105 s (male, W1118), respectively. At the same time, the ability of Chl to
protect Drosophila lifespan under high-temperature conditions was explored. As shown in
Figure 5E, Chl can significantly prolong the lifespan of flies under heat stress (p < 0.0001), ex-
cept in female Canton-S flies. After feeding with Chl, the mean lifespan of male and female
W1118 flies was extended by 21.3% and 15.3%, respectively, and the mean lifespan of female
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Canton-S flies was extended by 16.4%, compared with the control group. Meanwhile, our
results revealed that the expression level of Hsp68 was also significantly upregulated, show-
ing a positive correlation with the improved stress resistance in Drosophila. As a canonical
direct downstream target gene of the CncC (Nrf2) pathway, Hsp68 further supports that
chlorophyll may enhance stress resistance and extend lifespan by modulating the CncC
(Nrf2) signaling pathway. To sum up, flies fed with Chl show resistance to starvation stress,
heat shock, cold shock, and upregulate the expression of Hsp68, suggesting that Chl may
modulate the CncC (Nrf2) signaling pathway and enhance the overall health status and
survival resilience of organisms.
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Figure 5. Effect of Chl on stress resistance in Drosophila. (A) Resistance to starvation; (B) The relative
level of triglyceride; (C) The relative level of glucose; (D) Resistance to cold shock; (E) Resistance to
heat stress and qPCR analysis of stress resistance-related gene. Data are presented as the mean ± SD.
In panel (A,E), the p values were determined by log-rank test. In panels (B–D), the p values were
determined by one-way ANOVA with Dunnett’s multiple comparisons test. * p < 0.05; ** p < 0.01;
*** p < 0.001 and **** p < 0.0001. ns, no significant difference between the two groups.

3.6. Effect of Chl Supplementation on Gene Expression in Drosophila

To comprehensively investigate the anti-aging mechanisms of Chl, RNA-sequencing
was performed on the 15-day-old Canton-S fruit flies treated with or without Chl (control).
The Canton-S strain was selected because both males and females exhibited stable and
consistent responses to Chl at a concentration of 3.925 mg/L in lifespan, oxidative stress,
and stress-resistance experiments. Therefore, this concentration was applied to the Chl
treatment group. The expression profiles of approximately 20,000 genes were obtained from
the sequencing database. Principal component analysis (PCA) revealed clear separation
between sample groups and good reproducibility within groups (Figure 6A). Moreover,
differential expression analysis was performed using the DESeq2 software (v1.49.4, Bio-
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conductor, USA & Germany), and the screening conditions were set at p-adjust < 0.05 and
|FC| ≥ 1.5. Compared to the control groups, long-term Chl treatment significantly altered
the transcript levels of 723 genes in females and 435 genes in males. Specifically, in females,
158 genes were upregulated, and 565 were downregulated, while in males, 132 genes were
upregulated, and 303 were downregulated (Figure 6B). The bioinformatic analysis revealed
118 same genes were regulated in both female and male groups (Figure 6C).

Gene ontology (GO) enrichment analysis demonstrated that the same genes affected
by Chl were mainly involved in biological processes (BP), such as chaperone-mediated
protein folding, protein refolding, response to heat, protein folding, and response to tem-
perature stimulus. In terms of molecular function (MF), the most abundant GO functions
were unfolded protein binding (Figure 6D). Owing to this, the genes affected by Chl
are primarily involved in protein synthesis and modification, as well as in responses to
environmental stimuli. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of differentially expressed same genes revealed that the following
three signaling pathways were involved in the aging process. These pathways include
drug metabolism-other enzymes, drug metabolism-cytochrome P450, and metabolism
of xenobiotics by cytochrome P450 (Figure 6E). The result showed that the xenobiotics
metabolism (XM) pathway exhibited a strong association with aging. Therefore, real-time
PCR was used to verify gene expression levels in the XM pathway. The results also showed
that, compared with the group without Chl treatment, the expression levels of these genes,
including GstD10, GstE7, and AOX2, were significantly decreased after Chl supplemen-
tation in Drosophila (Figure 6H). The results suggest that the XM pathway indeed plays a
crucial role in delaying aging by Chl in fruit flies.

The GstD10 and GstE7 are glutathione S-transferases (GSTs), a phase II antioxidant
enzyme, that represent a major group of detoxification enzymes [62], catalyzing the nu-
cleophilic attack of glutathione (GSH) on toxic electrophilic substrates and producing a
less dangerous compound [63,64]. The GST genes are upregulated in response to oxidative
stress and are inexplicably overexpressed in many tumors, leading to problems during
cancer chemotherapy [64,65]. However, we found that although Chl supplementation sig-
nificantly decreased MDA, a marker of oxidative damage, and increased CAT activities, it
unexpectedly decreased the enzymatic activities of GstD10 and GstE7. This is similar to stud-
ies on some phytochemicals, such as quercetin, which have anti-aging activity [12,13], but
also inhibits GST [66]. The responses of GST genes may protect the steady-state response of
the organism [67]. In a study on Hyphantria cunea and their response to the oxidative stress
caused by the infection of Hyphantria cunea nucleopolyhedrovirus (HcNPV), the expression
levels of most GSTs were downregulated at low concentrations of HcNPV, and the reason
may be that ROS levels were under the threshold of the body system [68]. Similarly, Chl and
its metabolites possess potent direct antioxidant and electrophilic substance scavenging
capacities [26], accompanied by a significant decrease in malondialdehyde (MDA) levels.
Thus, our findings indicate that Chl also reduces the demand for GST-dependent detoxifi-
cation pathways in Drosophila, thereby downregulating their activities through feedback to
conserve resources and energy, and maintain organismal homeostasis.
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Figure 6. Effects of Chl supplementation on gene expression in Drosophila. (A) PCA analysis showing
the similarity between samples; (B) Volcano plots showing the number of differentially expressed
genes in flies fed with or without Chl (p-adjust < 0.05, FC ≥ 1.5); (C) Venn diagram and heatmap
(same genes) showing the same differentially expressed genes between female and male group;
(D) Gene ontology (GO) and (E) KEGG pathway analysis of the same differentially expressed genes
between female and male group; (F,G) KEGG pathway analysis of the differentially expressed genes
in female or male flies. (H) mRNA expression levels of the cofactors biosynthesis pathway-related
genes. The type of GO analysis: BP, biological process; MF, molecular function. The type of KEGG
analysis: M, metabolism; HD, human diseases; GIP, genetic information processing; OS, organismal
systems; EIP, environmental information processing; CP, cellular processes. In panel (E), data are
presented as the mean ± SD. The p values were determined by t-test. * p < 0.05 and ** p < 0.01 vs. the
control group.

Combined with the previous studies on Drosophila stress resistance (Sections 3.4 and 3.5),
the significantly differentially expressed genes can be roughly divided into two categories:
one consists of canonical targets of CncC (Nrf2), which are associated with basic antioxi-
dant defense, protein homeostasis, and toxin efflux, and belong to protective genes (cat,
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Mrp4, Hsp68; upregulated); the other is highly sensitive to intracellular ROS/electrophile
levels and classified as stress-inducible (GstD10, GstE7, AOX2, Ugt37A3; downregulated).
Therefore, the results of this study indicate that Chl does not activate the CncC (Nrf2)
pathway canonically, but rather activates it moderately and selectively, upregulating pro-
tective target genes (cat, Mrp4, Hsp68). Meanwhile, the effective scavenging of ROS by Chl
leads to the feedback downregulation of classic phase II detoxifying enzymes such as GST,
AOX, and UGT, thereby conserving metabolic resources. Chl selectively activates the CncC
(Nrf2) signaling pathway, remodels the redox state and detoxification network of Drosophila,
thereby extending the lifespan of Drosophila. Research has concluded that there is no gen-
eralized age-related trend in activities of various antioxidant enzymes in Drosophila [69].
Nevertheless, the administration of dietary antioxidants should theoretically combat aging
and/or age-related diseases and therefore extend lifespan [70]. However, KEGG analysis
did not reveal enrichment of the CncC (Nrf2) pathway. This may be because there is no
independent CncC pathway in KEGG, only a homologous mapping of the mammalian
Nrf2 pathway, resulting in incomplete annotation.

The above experiments show that there are differences in varieties and gender between
the results. Therefore, separate KEGG pathway enrichment analyses were conducted on
differentially expressed genes in females and males. The results indicated that, besides
the XM pathway, the lysosomal pathway was strongly associated with aging in females
(Figure 6F). However, this pathway was inhibited, and we speculated that the reason for the
downregulation of detoxification pathway may be the same as in the previous XM pathway,
while the lifespan regulation pathway showed a significant association with aging in males
(Figure 6G), with InR’s (insulin receptor homolog in flies) downregulation. This result
may be related to the classical theory that dietary restriction can prolong life [48]. Caloric
restriction is likely related to reduced GH/insulin/insulin-like growth factor-1 (IGF-1)
levels, and InR (Insulin-like receptor), which is one of the IGF-1 signaling molecules [71].

Interestingly, results also show that the nutrient metabolism pathways of flies were
affected after feeding Chl, such as pancreatic secretion pathway, protein digestion and
absorption pathway, and starch and sucrose metabolism pathway in female flies, and lipid
and atherosclerosis pathway. This is consistent with our previous experimental result
(Section 3.5) that feeding Chl affects the nutrient metabolism and energy storage in flies.
Thus, the effect of Chl on environmental stress and prolonging life may be related to
these pathways.

3.7. Transcription Factor Motif Analysis

Based on 118 differentially expressed transcription factor (TF) genes shared by both
sexes annotated from RNA-seq, upstream regulatory factors were predicted for these
TFs using RStudio (version 2026.01.2-418) combined with the Animal TFDB and JASPAR
databases. The screening region was set from 1000 bp upstream of the transcription start
site (TSS) to the TSS itself (0 bp), with a binding strength threshold of correlation (Cor) > 0.5.
A transcription factor regulatory network was subsequently constructed (Figure 7A). As
illustrated in the figure, three differentially expressed genes, namely Aox2, Ugt37A3, and
GstE7, were selected as target genes to predict their upstream transcription factors. The
results indicate that Vsx2, Pdp1, and croc regulated these three genes, respectively. Further
analysis identified transcription factor binding motifs at the following positions: “GT-
TAATTAG” at 538–546 bp upstream of the Aox2 TSS, “GCTTATGCAATT” at 226–237 bp
upstream of the Ugt37A3 TSS, and “AACGTCAACA” at 589–598 bp upstream of the
GstE7 TSS (Figure 7B–D). However, one GST gene (GstD10) was excluded from promoter
analysis because its upstream 1000 bp sequence could not be reliably retrieved from the
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current genome annotation, possibly due to an incomplete gene model or its location near
a scaffold boundary.

Subsequently, KEGG enrichment analysis was performed on these three transcription
factors (Vsx2, Pdp1, and croc). The results (Figure 7E) show that they were enriched
in signaling pathways, including FoxO, apoptosis, and longevity-regulating pathways.
Although these pathways were not identical to those directly enriched by the differentially
expressed genes in the transcriptome, they were functionally related, and both were closely
associated with aging regulation [72,73]. In summary, the motif analysis supports the
reliability of the transcriptomic results from a transcriptional regulatory perspective and
provides initial insights into the potential upstream regulatory mechanisms through which
chlorophyll may exert its effects.

 

Figure 7. Cont.
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Figure 7. Transcription factor motif analysis of differentially expressed genes upon chlorophyll
treatment. (A) Transcription factor regulatory map (screening within 1000 bp upstream of TSS,
Cor > 0.5); (B–D) Transcription binding site maps (Vsx2, Pdp1, and croc); (E) TF (transcription factor)
enrichment analysis.

4. Conclusions

This study demonstrates that Chl supplementation extends the mean lifespan of
Drosophila melanogaster. Chl given at a certain dose (3.925 mg/L) prolonged longevity,
increased athletic ability, and resistance to heat shock, cold shock, starvation stress, and
oxidative stress in the flies. The prolongation of the flies’ lifespan is not related to restriction
of dietary intake, sacrifice of reproductive capacity, or rhythm regulation. The change in the
stress resistance of Drosophila may be caused by Chl’s effect on energy metabolism (glucose
and triglyceride levels). This includes Chl’s enhancement of the activities of antioxidant
enzymes (mainly CAT) and its inhibition of the production of MDA. Gene expression and
qPCR studies display upregulated expression of cat, Mrp4, Hsp68, and downregulated
expression of GstD10 and GstE7, Ugt37A3, and AOX2 in the XM pathway. The motif
analysis supports the reliability of the transcriptomic results.

In summary, our findings demonstrate that Chl acts as a hormetic nutrient. Dietary
supplementation with Chl optimizes energy substrates in Drosophila (reduces glucose and
lipid levels and modulates nutrient metabolism pathways). In addition, it moderately
and selectively activates the CncC (Nrf2) signaling pathway with upregulation of pro-
tective target genes (cat, Mrp4, Hsp68), decreases MDA content, increases CAT activity,
and downregulates classic phase II detoxifying enzyme genes including GstD10, GstE7,
AOX2, and Ugt37A3. Ultimately, Chl supplementation reshapes the detoxification network
and converts this protective advantage at the cellular level into an observable survival
advantage at the biological level, that is, significantly improves the resistance to oxidative
stress, starvation, high temperature, low temperature, and other environmental stresses,
extending the lifespan and motor activity of Drosophila. The benefits brought by Chl may
be far more than changes in several indicators at the molecular level, but translated into
the overall improvement of the organism’s “health resilience” and “viability”.

Nevertheless, the present study has several limitations that warrant further investiga-
tion. First, the optimal anti-aging dose of Chl remains to be determined, as the dose is a
critical factor determining whether a compound exerts protective or toxic effects. Given
that Chl shows a hormetic response in enhancing antioxidant capacity in Drosophila, addi-
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tional dose–response studies are needed to identify the most effective concentration. In
addition, the chlorophyll concentration used in this study was preliminarily determined
through experiments in Drosophila as an in vivo model. Given interspecific differences in
metabolism [74], the chlorophyll dosage requires further optimization, and its biological
effects need to be verified in subsequent aging-related studies using mice and humans.
Second, aging is a highly complex process, and the metabolism of dietary nutrients may
differ across species. Since this study was performed only in the Drosophila model, the
generalizability of our findings to other organisms, including mammals, remains to be vali-
dated. Finally, other potential mechanisms underlying the anti-aging effects of Chl remain
unexplored. For example, whether the gut-brain-aging axis is involved in Chl-mediated
longevity benefits requires further examination. Addressing these questions will be crucial
for understanding the precise molecular mechanisms underlying Chl’s anti-aging effects
and may uncover novel therapeutic targets for age-related diseases.
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Abstract

Functional food research has long emphasized isolated bioactive compounds, yet such
single-target strategies often show limited efficacy against complex, multifactorial processes
such as brain aging. In this review, we examine edible bird’s nest (EBN) as a representative
multi-component functional food and discuss how its complex food matrix may exert
coordinated neuroprotective effects. We summarize the major bioactive constituents of EBN,
including sialic acid, functional glycoproteins, and bioactive peptides, and organize their
actions into functional modules related to oxidative stress, neuroinflammation, apoptosis,
synaptic maintenance, and neurotrophic support. Emerging evidence on the prebiotic
potential of EBN and its modulation of the gut–brain axis is also integrated, highlighting
interactions between peripheral metabolic regulation and central nervous system function.
By comparing EBN with conventional functional ingredients such as vitamins C and E,
coenzyme Q10, curcumin, and omega-3 fatty acids, we propose that EBN represents a
distinctive “network-regulatory” food system in which nutritional support and pathway
modulation are intrinsically linked. Overall, this review provides a conceptual framework
for understanding how complex food matrices can be rationally applied to support brain
health and reduce age-related neurodegenerative risk.

Keywords: functional foods; edible bird’s nest; brain aging; multi-target effects;
food-derived sources

1. Introduction

Complex dietary foods composed of multiple interacting bioactive constituents have
attracted increasing attention in functional food research due to their potential to provide
coordinated, multi-target physiological regulation beyond isolated compounds. Represen-
tative substances such as ginseng, goji berry, and ganoderma epitomize this preventive
wisdom [1,2]. Modern science increasingly recognizes certain dietary foods as promising
reservoirs of complex bioactive compounds, whose multi-component nature provides a
unique basis for addressing multifaceted health challenges. Among these foods, edible
bird’s nest (EBN) occupies a distinctive position as an uncommon but established dietary
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component in several Asian regions [3]. Composed primarily of the salivary secretions of
swiftlets, EBN has been consumed for centuries as a nutrient-dense food and is often re-
garded as a premium functional ingredient [4]. These findings suggest that EBN represents
a complex functional food matrix rather than a single bioactive source, providing a scientific
basis for exploring its multi-target regulatory potential in health maintenance. The critical
distinction lies in the fundamental difference between EBN’s matrix structure and that of
botanical supplements rich in phytochemicals, such as ginseng and goji berries. Most plant-
derived functional foods consist primarily of small-molecule secondary metabolites [5],
whereas EBN’s biological activity stems from its unique protein–glycoprotein–sialic acid
core structure [6]. This compositional characteristic indicates a distinct mechanism of action.
Therefore, this review proposes a “network regulation” framework that integrates systems
biology thinking with food matrix theory. The innovation of this framework lies not in
introducing novel biological mechanisms, but in elucidating how naturally complex foods
such as EBN achieve coordinated multi-target regulation in the context of brain aging.

The urgency of this research direction stems from the macro-context of global demo-
graphic shifts and the specific challenges in brain health. In recent years, the global aging
process has accelerated, with projections indicating that by 2050, individuals aged 65 and
above will comprise 16% of the global population [7]. This trend is accompanied by a
significant increase in the prevalence of age-related neurodegenerative diseases, such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD), which pose formidable challenges
to global public health systems [8]. Brain aging is a complex pathological process involving
multidimensional mechanisms, including oxidative stress, neuroinflammation, mitochon-
drial dysfunction, protein homeostasis imbalance, and dysregulation of the gut–brain
axis [9]. Owing to its high metabolic rate, lipid-rich composition, and relatively limited
antioxidant capacity, the brain is especially vulnerable to redox imbalance and oxidative
injury during aging [10,11]. Consequently, oxidative stress serves as a central initiator,
triggering inflammatory cycles that form a vicious circle with gut microbiota dysbiosis,
collectively accelerating neuronal damage and cognitive decline [12]. This intricate inter-
play of multiple mechanisms often renders traditional single-target intervention strategies
limited in efficacy.

In light of this context, the adage “prevention is better than cure” has garnered
increasing significance, prompting research efforts aimed at identifying multi-targeted,
safe intervention strategies derived from natural dietary resources [13]. It is imperative to
note that the compelling preclinical rationale for EBN currently far outpaces the clinical
evidence in humans. High-quality randomized controlled trials (RCTs) investigating
its effects on cognitive outcomes are notably absent. Therefore, this review reframes
EBN as a complex food-derived system, whose long history of dietary consumption has
prompted modern investigations into its multi-component, network-regulatory functions
relevant to brain aging. By organizing EBN bioactive components into functional modules
and integrating direct neuroprotective actions with emerging evidence on gut–brain axis
modulation, this review seeks to clarify how complex dietary matrices can exert coordinated
effects on brain aging. Through comparison with conventional functional ingredients, we
further highlight the distinctive advantages of such complex food systems and provide
a conceptual framework for their rational application in brain health maintenance and
neurodegenerative disease prevention.

2. Nutritional Components and Bioactive Substances in EBN

EBN is a nest constructed by swiftlets using their saliva or a mixture of saliva and
down feathers. It is primarily produced in Southeast Asian countries such as Indonesia,
Malaysia, Thailand, and Vietnam (Figure 1) [4].

https://doi.org/10.3390/nu18040671
50



Nutrients 2026, 18, 671

Figure 1. Primary production areas and types of edible bird’s nest (EBN). Blue-shaded regions
indicate the major EBN-producing countries in Southeast Asia. Red dots denote representative
production types, including house swallow nests and cave swallow nests. The map was created
using Figdraw (Version 2.0, www.figdraw.com).

Numerous researchers have investigated the active constituents of EBN (Figure 2),
identifying that its nutritional composition predominantly consists of proteins, carbohy-
drates, amino acids, minor lipids, and trace elements, including calcium (Ca), iron (Fe),
and selenium (Se) [14]. The composition of EBN is subject to variation due to factors
such as the species of swiftlet, available food resources, nesting season, and processing
methods [15]. For example, Quek et al. conducted an analysis of the nutritional compo-
sition, physicochemical properties, and antioxidant characteristics of EBN sourced from
domesticated swiftlets, brown swiftlets, and the Malay Peninsula. This study considered
three dimensions: production methods, swiftlet species, and geographical origin. The
total amino acid content in nests of the brown swiftlet (Aerodramus fuciphagus) was found
to be 64.57 g/100 g, surpassing that of the giant swiftlet (Aerodramus maximus) nests by
23%. EBN obtained from farmed brown swiftlets and the Malay Peninsula demonstrated
the highest antioxidant activity, ranging from 2.33 to 3.49 mg ascorbic acid equivalent
per gram (mg AAE/g), and the highest sialic acid content, measured at 13.57 g/100 g. In
contrast, EBN derived from cave-dwelling giant swiftlets and regions in East Malaysia was
notably rich in minerals such as calcium and magnesium. The radical scavenging activity
of 1,1-diphenyl-2-picrylhydrazyl (DPPH) and the ferrous reduction antioxidant capacity
(FRAP) of EBN derived from domesticated brown swiftlets in the Malay Peninsula region
are approximately twice as elevated as those from other geographic regions [16].
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Figure 2. Bioactive nutritional composition of edible bird’s nest (EBN). The primary nutritional
constituents of EBN are protein, carbohydrates, sialic acid, amino acids, fats, trace elements, epidermal
growth factor (EGF), and total phenols. This figure was created using Figdraw (Version 2.0, www.
figdraw.com).

2.1. Proteins

Proteins represent the predominant component of EBN, with an average content
ranging from 50% to 55% [17]. Zukefli utilized ultrasonication-assisted methods, detergent-
assisted techniques (specifically Triton X-100 and SDS), and Tris-HCl buffer dissolution
to analyze and compare the protein profiles of EBN sourced from two distinct Malaysian
locations. The results indicated a significantly higher concentration of water-soluble pro-
teins in EBN [18]. Through the application of various separation and analytical techniques,
including gel permeation chromatography (GPC) and reverse-phase high-performance liq-
uid chromatography (RP-HPLC), numerous researchers have identified 58 unique protein
molecules within EBN. Notable among these are acidic mammalian chitinase (AM Case),
lysyl oxidase homologue 3 (LOXL3), mucin-5AC (MUC5AC), ovoinhibitor, Nucleobindin-
2 (NUCB2), calcium-binding protein and glucose regulator protein. These proteins are
implicated in a range of biological functions, including immunoregulation, mucosal pro-
tection, maintenance of skin integrity, and regulation of enzymatic activity [19]. Wang
et al. conducted an analysis of the protein composition of four EBN strains sourced from
three major production regions using label-free quantitative proteomics, identifying a
total of 37 functional proteins. Among these, six core proteins were identified, specifically
mucin 5B (MUC5B), lysyl oxidase-like protein 2 (LOXL2), chitinase (CHIA), ovomucoid-like
protein (OIH), and calcium-binding protein 45 (CAB45). Gene Ontology (GO) functional
annotation revealed that the majority of EBN proteins are classified within the secreted
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protein category and exhibit various enzymatic activities [20]. Notably, EBN also contains
a 66 kDa protein that functions as an IgE-mediated allergen, which has the potential to
induce anaphylactic shock in children [21]. Additionally, Yew et al. identified 29 proteins
in EBN extract through de novo peptide sequencing utilizing tandem mass spectrometry.
These proteins are implicated in various biological mechanisms, including immunoregula-
tion, extracellular matrix formation, neurodevelopment, cell survival and apoptosis, cell
proliferation and migration, antioxidant activity, and other fundamental cellular processes.
For example, the study demonstrated that EBN contains a variety of proteins that play
significant roles in cell proliferation and migration. These include members of the repulsive
guidance molecule domain family B, which facilitate neurite extension and axonal growth,
as well as proteins such as lin-9 and the hyaluronan-mediated motility receptor, which are
also implicated in cell proliferation and migration [22]. Furthermore, bioactive peptides
produced through the enzymatic hydrolysis of EBN exhibit a wide range of biological and
nutritional properties. Antioxidant peptides derived from this process possess advanta-
geous pharmacokinetic and pharmacodynamic attributes, including high bioavailability in
humans, strong antioxidant activity, and minimal adverse effects [14]. For instance, Zhang
et al. conducted an extraction of EBN samples using hot water at 100 ◦C, followed by
enzymatic digestion with pepsin (10,000 units), trypsin (36 mg), and bile extract (112.5 mg).
The study employed pH variations to mimic the intestinal environment, ranging from 8.9 to
2 and returning to 8.9, in conjunction with a 10 kDa dialysis membrane to simulate gastroin-
testinal digestion and absorption processes. The results indicated that undigested aqueous
extracts of EBN displayed minimal antioxidant activity, whereas digested samples showed
a significant enhancement in antioxidant activity at comparable concentrations [23]. In a
separate investigation, researchers employed pepsin–trypsin hydrolysis on EBN and identi-
fied two novel antioxidant pentapeptides in the resulting hydrolysate: Pro-Phe-His-Pro-Tyr
and Leu-Leu-Gly-Asp-Pro. These peptides demonstrated resistance to gastrointestinal
proteases and exhibited no cytotoxic effects in vitro on human lung MRC-5 cells, while also
providing protection to human hepatocellular carcinoma HepG2 cells against hydroxyl
radical-induced damage [24]. Additionally, Lee et al. utilized alkaline enzyme hydrolysis
on EBN protein, followed by isolation, purification, and identification of antioxidant and
anti-inflammatory peptides using ultrafiltration, gel chromatography, and mass spectrom-
etry. Molecular docking analysis revealed that peptide segment 1 (LFWSPSVYLK) and
peptide segment 2 (GWPHLEDNYLDW) possess hydrophobic and antioxidant amino acids,
which effectively inhibit the formation of the Keap1-Nrf2 complex through competitive
interactions. In contrast, peptide 3 (NPPADLHK) and peptide 4 (GDLAYLDQGHR) demon-
strated significant regulatory effects on the IKK-β binding site, facilitated by interactions
between their anti-inflammatory amino acids and C-terminal arginine/lysine residues [25].

2.2. Carbohydrates

Carbohydrates represent the second most abundant class of substances after proteins,
comprising approximately 30% of the total composition. They predominantly consist of
seven of the eight essential sugars necessary for human biological activity, including 7.2%
N-acetylgalactosamine, 5.3% N-acetylglucosamine, 16.9% galactose, 0.7% fucose, and N-
acetylneuraminic acid (sialic acid) [6,26]. The carbohydrates in EBN combine with proteins
to form glycoproteins, a complex structure that endows bird’s nest with unique biological
activity [27].

2.3. Sialic Acids

EBN is a rich dietary source of sialic acid (SA), accounting for approximately 10% of the
total, and is typically found in bound forms such as oligosaccharides, glycolipids, or glyco-
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proteins. SA are classified into four distinct types based on the substituent group attached to
the carbon 5 position: N-acetylneuraminic acid (Neu5Ac or NANA), N-glycolylneuraminic
acid (Neu5Gc), diamino neuraminic acid (KDN), and neuraminic acid (Neu) [28]. In the
context of EBN, SA specifically refers to Neu5Ac. This compound is a critical component
of EBN, essential for infant brain development as it significantly contributes to synaptic
connectivity, neuronal growth, memory formation, and immune system enhancement [29].
Empirical evidence suggests a strong correlation between mammalian cognitive capabilities
and variations in brain SA concentrations. Exogenously administered SA is localized within
synaptic regions, where it affects the dynamics of positive neurotransmitter movement,
neurotransmitter release, and modifications to existing synaptic structures [30]. Further-
more, research indicates that a reduction in both endogenous and exogenous brain SA
concentrations can lead to irreversible cognitive decline, although SA supplementation has
been shown to enhance learning processes [31].

2.4. Amino Acids

Eighteen amino acids have been identified in EBN, including the nine essential
amino acids necessary for human growth and repair [32]. Studies suggest that the to-
tal essential amino acid content in EBN is 17.8 g/100 g, which is substantially higher
than that found in common high protein foods, such as eggs (4.7–7.0 g/100 g) and milk
(1.1 g/100 g) [16]. Notably, lysine and tryptophan, which are typically absent in most plant
proteins, are present in EBN, rendering it a complete amino acid source for vegetarians.
Arginine and serine are the predominant essential and non-essential amino acids, compris-
ing 4.0–4.7% and 4.0–5.5% of the total amino acid content, respectively [33]. Additionally,
EBN is enriched with antioxidant amino acids, including proline, histidine, phenylala-
nine, and tryptophan, indicating its potential utility as a high-quality essential amino acid
supplement in dietary nutritional interventions [34].

2.5. Fats

EBN is classified as a low-fat food product, characterized by a total fat content of
less than 0.5%. The triglyceride profile of EBN demonstrates unique functional properties:
polyunsaturated fatty acids represent the largest fraction at 48.43%, with linoleic acid, an
essential fatty acid, comprising 47.15% of this category. Saturated fatty acids make up
25.35% of the total, with palmitic acid being the most prevalent at 21.33%. Monounsaturated
fatty acids account for 24.74%, primarily consisting of oleic acid at 21.97% [35].

2.6. Microelements

EBN is also a source of essential trace elements, including Ca, phosphorus (P), Fe,
sodium (Na), potassium (K), and iodine (I). The concentrations of these minerals and
metal ions may originate from the swiftlets, the birds responsible for constructing EBN,
or from environmental seepage. Due to the diverse geographic origins and types of
samples, there is significant variability in their concentration ranges [36]. Studies have
reported relatively high Na content (6017 mg/kg), along with notable levels of magnesium
(Mg) (344 mg/kg), K (138 mg/kg), and Ca (68 mg/kg). Other minerals such as P, Fe,
chromium (Cr), and selenium (Se) are present at concentrations of 0.037, 4.52, 0.30, and
0.14 mg/kg, respectively [15]. However, EBN also contains toxic elements, including
lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg), which necessitates rigorous
monitoring of the processing procedures [36].

2.7. Epidermal Growth Factor

Epidermal Growth Factor (EGF) is a low molecular weight polypeptide hormone
consisting of 53 amino acids, with an approximate molecular weight of 8000 Da. It is
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integral to cellular and tissue growth, proliferation, differentiation, and development [37,
38]. Additionally, EGF significantly influences physiological processes such as cellular
damage repair, wound healing, tissue regeneration, and inflammatory responses [34].
In vivo, EGF modulates the proliferation, migration, and neurogenesis of neural stem cells
(NSCs). Consequently, it is postulated that EBN extract may exhibit EGF-like activity,
producing similar effects on NSCs [22].

2.8. Total Phenols

The total phenolic content (TPC) in EBN ranges from 2.79 to 17.29 mg GAE/g, which
is higher than that found in honey and vegetables such as broccoli, carrot, and ginger,
which have TPC ranges of 1.1–2.0 mg GAE/g and 0.3–4.0 mg GAE/g, respectively [16].
It is important to note that these phenolic compounds, likely derived from the swiftlet’s
insectivorous diet or as metabolic byproducts, represent a heterogeneous and minimally
characterized fraction within EBN. While contributing to its overall antioxidant capacity,
they are not considered the principal bioactive drivers of EBN’s neuroprotective effects,
which are more closely linked to its unique proteinaceous and sialylated components
(e.g., glycoproteins, SA). Their role may be ancillary, potentially engaging in synergistic
interactions within EBN’s complex food matrix.

3. The Mechanisms of Brain Aging

Cognitive aging is a multifaceted process characterized by changes in various molec-
ular and cellular pathways, which ultimately contribute to the onset of mild cognitive
impairment (MCI), AD, and other dementias [39]. Current widely recognized mechanisms
include oxidative stress [40], neuroinflammation [41], mitochondrial dysfunction [42],
protein homeostasis imbalance [43], and dysregulation of the gut–brain axis (Figure 3) [44].

Figure 3. Schematic illustration of the multi-target regulatory mechanisms of edible bird‘s nest (EBN)
in counteracting brain aging. EBN is positioned at the center, surrounded by five key pathological pro-
cesses associated with brain aging: oxidative stress, neuroinflammation, mitochondrial dysfunction,
protein balance loss, and gut-brain axis dysfunction. The colored circular icons represent each distinct
pathological mechanism. This figure was created using Figdraw (Version 2.0, www.figdraw.com).
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3.1. Oxidative Stress

Oxidative stress is defined as an imbalance between oxidants and antioxidants in the
body, resulting in the excessive production of reactive oxygen species (ROS). These ROS
can inflict damage on biomolecules such as DNA, proteins, and lipids [45]. Within neurons,
types of ROS include superoxide anions generated by the respiratory chain and various
oxidases, hydroxyl radicals formed through the reaction of hydrogen peroxide with copper
or ferrous iron, and nitric oxide (NO) produced in response to elevated intracellular Ca2+

levels [46]. As individuals age, there is a notable increase in ROS production within neurons,
coupled with the accumulation of oxidative damage, which significantly correlates with the
severity of neurodegenerative diseases [47]. Morales-Martínez et al. demonstrated, using
α-synuclein transgenic rats, a positive correlation between the levels of various oxidative
stress biomarkers and neurodegeneration across multiple brain regions [30]. Moreover,
ROS generated through oxidative stress and the subsequent cellular damage, such as
compromised proteins and lipids, function as ‘danger signals’ that activate microglia and
astrocytes, thereby triggering neuroinflammatory responses [48].

3.2. Neuroinflammation

Neuroinflammation is characterized by the activation of immune responses by mi-
croglia and astrocytes within the central nervous system [49]. Under normal physiological
conditions, astrocytes and microglia are essential for maintaining neuronal homeostasis
and facilitating waste clearance in the brain [50]. However, when these cells become overac-
tivated, they release substantial quantities of pro-inflammatory cytokines, including IL-1β,
IL-6, and TNF-α, as well as chemokines and additional reactive ROS. Moreover, activated
microglia express inducible nitric oxide synthase (iNOS), resulting in the production of
substantial amounts of NO, which can induce oxidative damage to neurons, culminating in
apoptosis and the loss of neuronal function [42]. Studies suggest that with advancing age,
microglial migration and phagocytic activity decline, while the population of inflammatory
microglia increases by two-to four fold in the brains of aged mice [41]. Additionally, during
neuroinflammation, astrocytes upregulate the expression of interleukin-17 (IL-17) and the
TrkB transmembrane receptor. IL-17, upon binding to its receptor, may recruit NF-κB
activator 1, thereby promoting the production of pro-inflammatory cytokines. During neu-
roinflammatory conditions, astrocytes may also compromise blood–brain barrier integrity,
potentially facilitating the entry of undesirable immune cells and neurotoxic substances
into the brain parenchyma [51]. Evidence indicates that the activation of microglia and
astrocytes contributes to the aggregation of β-amyloid (Aβ) and the hyperphosphorylation
of the microtubule-associated protein Tau within the brain, processes that subsequently
precipitate neuronal degeneration and ultimately lead to the onset of AD [52].

Neuroinflammation and oxidative stress exhibit a reciprocal and interconnected rela-
tionship, wherein the inflammatory response precipitates oxidative stress, and oxidative
stress subsequently activates multiple signaling pathways, including NF-κB, to enhance
pro-inflammatory gene expression, thereby intensifying neuroinflammation [53].

3.3. Mitochondrial Dysfunction

Mitochondria, essential intracellular organelles, predominantly generate ROS at respi-
ratory chain complexes I and III. These ROS can inflict oxidative damage on mitochondrial
DNA (mt DNA), resulting in mt DNA mutations that lead to defective respiratory chain
components. This defect, in turn, generates additional ROS, establishing a self-perpetuating
cycle of ROS production and mt DNA mutation accumulation [54]. Neurons, due to their
intricate morphology and substantial metabolic demands, are particularly reliant on mi-
tochondria and are thus especially vulnerable to mitochondrial dysfunction. As age pro-
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gresses, mitochondrial capacity to produce and sustain the high energy levels requisite for
neuronal function diminishes. When mitochondrial dysfunction surpasses a critical thresh-
old, the brain’s resilience to damage deteriorates, initiating various neurodegenerative
processes [55]. Research has identified a detrimental cycle characterized by excessive pro-
duction of ROS, inflammatory responses, and mitochondrial dysfunction. Mitochondrial
damage leads to the activation of glial cells, and the inflammatory mediators produced as a
result further impair mitochondrial function, thereby exacerbating neurodegeneration [56].
For example, mitochondrial dysfunction and disrupted mitochondrial autophagy may con-
tribute to amyloid pathology and neurodegeneration in AD [57]. Similarly, mitochondrial
dysfunction is a critical hallmark of PD progression, with various risk factors associated
with Parkinson’s pathogenesis exerting their effects by inducing mitochondrial dysfunction.
In mouse models of PD induced by rotenone, a significant reduction in the activity of
mitochondrial complex I has been observed within the striatum [58].

3.4. Proteostasis Imbalance

Proteostasis refers to the homeostatic regulation of cellular processes involved in
protein synthesis, folding, repair, degradation, and renewal [59]. As organisms age, pro-
teostasis gradually declines, resulting in the accumulation of proteins that are misfolded,
oxidized, glycated, or ubiquitinated. This deterioration leads to the formation of toxic
protein aggregates [60]. The accumulation of misfolded and aggregated proteins partic-
ularly impacts post-mitotic cell types, such as neurons [61]. Additionally, pathological
protein aggregation is a prominent hallmark of neurodegenerative diseases. In various neu-
rodegenerative disorders, misfolded proteins abnormally accumulate both intracellularly
and extracellularly, forming characteristic aggregates. For example, Aβ and tau protein
aggregates are found in AD, alpha-synuclein aggregates in PD, and TAR DNA-binding
protein-43 (TDP-43) and Superoxide dismutase 1 (SOD1) aggregates in amyotrophic lat-
eral sclerosis. These protein aggregates exhibit propagating properties, enabling them
to spread between neurons [62]. Moreover, protein degradation plays a critical role in
memory processes during both normal aging and pathological conditions. Recent studies
suggest that hippocampal autophagy is essential for enhancing learning and memory by
facilitating activity dependent structural and functional synaptic plasticity. Activation of
hippocampal autophagy has been shown to ameliorate age-related memory impairments
in murine models. In models of AD in mice, enhancing autophagy has been demonstrated
to decrease Aβ accumulation in the brain, thereby restoring synaptic integrity and memory
function [63].

3.5. Dysfunction of the Gut–Brain Axis

A bidirectional communication system, known as the microbiota–gut–brain axis
(MGBA), exists between the central nervous system, gut microbiota, and the gastroin-
testinal tract [64]. Gut microbiota are pivotal in the processes of aging and the pathogenesis
of neurodegenerative diseases, although the intricate signaling pathways involved are not
yet fully understood. Currently identified pathways include metabolic, immune, neural,
and endocrine signaling mechanisms [65]. In comparison to younger individuals, the gut
microbiota of elderly populations undergoes significant alterations. Studies comparing
the microbiomes of young and aged rats reveal a notable reduction in microbial diversity
in the gut microbiota of older rats, along with distinct compositional differences. For
example, in aged rats, there is a decrease in the relative abundance of Bacteroides in
the intestines, whereas the abundance of Firmicutes is significantly higher compared to
young rats [66]. Simultaneously, the integrity and function of the intestinal barrier decline
with age, negatively impacting blood–brain barrier (BBB) permeability and exacerbating
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neuroinflammation and functional deterioration within the central nervous system [67].
Supporting evidence from further research indicates that during aging, increased intesti-
nal permeability, mediated by the gut microbiota, facilitates the translocation of harmful
intestinal metabolites, such as N6-carboxymethyllysine, across the intestinal barrier into
the systemic circulation. The accumulation of these metabolites in the brain can lead to
microglial damage [68]. Conversely, microbial metabolites, including short-chain fatty
acids (SCFAs), tryptophan, cytokines, and neuroactive substances are released into the
bloodstream. Once in circulation, the microbiome and its metabolites can modulate periph-
eral immune cells, interact with the BBB to alter its integrity, and cross the BBB to influence
cerebral function [69].

4. The Role of EBN Intervention in Brain Aging

Current research provides systematic evidence from both animal models and cellular
studies, suggesting that EBN exerts a multi-target protective effect in the context of aging
and neurodegenerative diseases (Table 1). In animal studies, EBN has been shown to allevi-
ate neurofunctional impairments induced by various etiological factors through multiple
mechanisms. Specifically, in a model of menopause-associated cognitive decline, dietary
supplementation with EBN significantly mitigates memory and cognitive deterioration by
upregulating the expression of Sirtuin-1 (SIRT1) protein in the hippocampus, downreg-
ulating genes associated with neurodegeneration and apoptosis, and modulating redox
balance [70,71]. Furthermore, in lipopolysaccharide (LPS)-induced neuroinflammatory
models involving Wistar rats and C57BL/6J mice, administration of EBN water extract
or EBN itself effectively suppresses abnormal elevations of pro-inflammatory cytokines
(such as TNF-α and IL-6) and oxidative stress markers (including MDA), demonstrating
anti-inflammatory effects by inhibiting TICAM1 expression within the NF-κB signaling
pathway [72,73]. In a mouse model of PD, treatment with specific EBN extracts (pan-
creatic enzyme-digested extract and aqueous extract) not only enhanced the activity of
endogenous antioxidant enzymes, including Superoxide dismutase (SOD) and glutathione
peroxidase (GPx), but also inhibited the abnormal activation of microglia, excessive NO
production, and lipid peroxidation reactions. These actions collectively contributed to
the protection of dopaminergic neurons in the substantia nigra [74]. In models of AD
induced by chronic cerebral hypoperfusion, EBN intervention was associated with reduced
neuronal loss in the hippocampus and cortex and reduced levels of the oxidative stress
marker F2-isoprostane [75]. Additionally, EBN water extract powder demonstrates preven-
tive potential against vascular dementia by inhibiting acetylcholinesterase (AChE) activity,
thereby reducing Aβ accumulation [17]. At the cellular level, the aqueous extract of EBN
and its functional protein components, lactoferrin and ovotransferrin, exhibited significant
antioxidant and anti-apoptotic properties in models of SH-SY5Y cell damage induced by
6-hydroxydopamine (6-OHDA) and hydrogen peroxide [74,76,77]. Comparative studies
using different EBN extracts (e.g., pancreatic enzyme-digested vs. aqueous) at maximum
non-toxic dose (MNTD) further elucidated their respective efficacies in enhancing cell
viability and mitigating oxidative stress and apoptosis [76]. Notably, the specific EBN
extracts (crude extract S1 and aqueous extract S2) promoted proliferation, migration, and
neuronal differentiation in embryonic mouse neural stem cells (NE-4C), indicating neu-
rotrophic activity [22]. Further investigations reveal that the SA component present in
EBN substantially enhances mitochondrial function in SH-SY5Y cells [78]. Importantly, the
primary active component, SA, when administered in purified form, exhibits significant
independent neuroprotective properties. In double transgenic AD (2 × Tg-AD) mice, SA
administration not only enhanced spatial learning and memory abilities but also reduced
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Aβ plaque deposition and inhibited tau protein hyperphosphorylation, thereby alleviating
neuronal synaptic damage [79].

Table 1. Animal and cell studies on the effects of EBN and SA intervention in brain aging.

Model Species
Tested Material and

Dosage
Duration Experimental Results Ref.

Menopause-related
cognitive decline

(Ovariectomy)
SD rat

EBN mixed with diet
at concentrations of

6%, 3%, and 1.5%
(w/w)

12 weeks

• Reduced escape latency time
• Increased expression of SIRT1 in the

hippocampus
• Reduced levels of caspase-3 and

malondialdehyde in the hippocampal
region and frontal cortex

• Reduced PSEN1, PSEN2 and APP gene
expression

• Increased levels of SOD1, SOD2, SOD3,
and CAT

[70,71]

Neuroinflammation
(LPS)

Wister
rat

EBN water extract of
125, 250 and
500 mg/kg

7 days
• Reduced escape latency time
• Reduced levels of TNF-α, IL-1β, IL-6,

ROS and TBARS
[72]

Neuroinflammation
(LPS) C57BL/6J mice EBN of 200 mg/kg/d 7 weeks

• Reduced escape latency time
• Increased neuronal count
• Inhibition of glial cell activation
• Reduced levels of TNF-α, IL-1β, and IL-6
• Inhibited expression of TICAM1

[73]

PD
(6-OHDA) C57BL/6J mice

Pancreatic
enzyme-digested

extract and aqueous
extract of EBN at

20 mg/kg and
100 mg/kg,
respectively.

28 days

• Improved locomotor distance and balance
• Reduced loss of TH-positive neurons in

the substantia nigra
• Decreased expression of the microglial

marker CD11b
• Increased expression of the antioxidant

marker GPX1

[74]

AD
(2VO) SD rat EBN of 60 and

120 mg/kg 8 weeks

• Increased neuronal count in the
hippocampal CA1 region

• Reduced hippocampal F2-prostaglandin
levels

[75]

Vascular dementia
(MCAO) Wister rat

EBN water extract
powder of 10, 50 and

100 mg/kg

2 weeks
before and

3 weeks
after

surgery

• Reduced escape latency time
• Decreased Aβ42 deposition in the

hippocampus
• Inhibited AChE activity

[17]

PD
(6-OHDA) SH-SY5Y cells

Pancreatic
enzyme-digested

extract and aqueous
extract of EBN at 1/2
MNTD and MNTD,

respectively

- • NO production and reduced lipid
peroxidation

[74]

PD
(6-OHDA) SH-SY5Y cells

Pancreatic enzyme
digestion of crude

extracts (75 μg/mL)
and aqueous extracts

(150 μg/mL)

-

• Pancreatic enzyme extract demonstrates
superior efficacy in enhancing cellular
viability

• The aqueous extract exhibits greater
effectiveness in mitigating ROS
accumulation, alleviating early apoptotic
membrane phosphatidylserine efflux, and
inhibiting caspase-3 cleavage

[76]

Oxidative stress
(H2O2) SH-SY5Y cells

EBN (1000 μg/mL)
and its constituents

lactoferrin (LF,
5 μg/mL) and

ovoferritin (OVF,
10 μg/mL)

-

• Enhances free radical scavenging activity
and reduces ROS

• Upregulates the expression of SOD1,
SOD2 and PARP1 genes

[77]

Neural stem cell
model NE-4C

Pancreatic
enzyme-digested
crude extract (S1;

MNTD = 130 μg/mL)
and the aqueous

extract (S2;
MNTD = 290 μg/mL)

- • Promoting cell proliferation, migration
and neuronal differentiation

[22]

https://doi.org/10.3390/nu18040671
59



Nutrients 2026, 18, 671

Table 1. Cont.

Model Species
Tested Material and

Dosage
Duration Experimental Results Ref.

AD 2 × Tg-AD mice SA of 17, 84 and
420 mg/kg 9 months

• Reduced escape latency time
• Decreased Aβ and neurofibrillary tangles
• Increased number of Nissl bodies

[79]

Mitochondrial
dysfunction SH-SY5Y cells

SA extracts at
concentrations of 20,

40, 60, 80 and
100 μg/mL in EBN

-
• Cell viability peaked at 60 μg/mL
• The number of active mitochondria

increased significantly by 195%
[78]

To better conceptualize the multi-level effects of EBN, we summarize the major molec-
ular targets and functional outcomes in an integrative schematic (Figure 4). The figure
illustrates how EBN modulates antioxidant, anti-inflammatory, apoptotic, mitochondrial,
and proteostatic pathways, which together influence core mechanisms of brain aging and
contribute to neuronal protection and cognitive support.

Figure 4. Integrative network-regulatory model of edible bird’s nest (EBN) against brain aging.
This diagram is divided into two main sections. Key molecular pathways and targets regulated by
EBN include: the Nrf2 antioxidant pathway (downstream targets SOD1-3, CAT, GPX1, PARP1), the
TICAM1/NF-κB neuroinflammatory pathway (triggering glial cell activation and pro-inflammatory
cytokines TNF-α, IL-1β, IL-6), apoptosis markers (Caspase-3, oxidative stress markers), and amyloid-
related genes associated with Aβ42 deposition (PSEN1, PSEN2, APP). The core pathological mecha-
nisms of brain aging counteracted by EBN encompass oxidative stress, neuroinflammation, mito-
chondrial dysfunction, and the interplay among these processes. Colored boxes represent distinct
pathway categories or pathological mechanisms. Arrows indicate activation or inhibition, while lines
with horizontal bars denote inhibitory effects. All abbreviations are defined in the text. This figure
was created using Figdraw (Version 2.0, www.figdraw.com).

To date, there is a near-complete absence of high-quality RCTs evaluating EBN’s impact
on cognitive function or progression to neurodegenerative diseases in human populations.
The current preclinical literature collectively indicates that EBN exerts neuroprotective
effects at multiple biological levels in both cellular and animal models. Nevertheless,
the strength and translational significance of this evidence should be interpreted with
appropriate caution. In several animal studies, the observed behavioral improvements
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appear not only statistically significant but also biologically meaningful. For instance, in
the ovariectomized mouse model, high-dose EBN reversed memory deficits and, in some
tasks, achieved effects comparable to those of estrogen replacement therapy. This suggests
that the reported outcomes are not merely marginal changes but may reflect functionally
relevant recovery. At the same time, most studies rely on group-wise comparisons with-
out standardized reporting of effect sizes, which limits quantitative comparison across
experiments. Another issue concerns the heterogeneity of experimental materials. EBN
preparations differ substantially among studies in terms of species origin, geographic
source, processing, and extraction methods. Although commonly used disease models,
such as LPS induced neuroinflammation and 6-OHDA induced dopaminergic injury, are
well established, variability in EBN preparation complicates the interpretation of whether
differences in efficacy arise from biological mechanisms or methodological factors. Most
current studies also employ relatively small sample sizes and acute or accelerated patho-
logical paradigms. These models are valuable for mechanistic exploration, but they do not
fully recapitulate the slow and progressive nature of human brain aging. Consequently,
the reported effects should be viewed primarily as evidence of mechanistic plausibility
rather than direct indicators of clinical benefit. Taken together, the existing preclinical data
provide a solid biological rationale for EBN’s neuroprotective potential, but they mainly
serve as a foundation for carefully designed human studies rather than definitive proof
of efficacy.

Although direct experimental evidence is currently insufficient to demonstrate that
EBN directly delays brain aging via the MGBA, its unique composition and observed
physiological effects suggest considerable potential for exerting neuroprotective effects
through modulation of this axis. Research findings suggest that EBN ameliorates gut
microbiota dysbiosis by inhibiting the growth of pathogenic bacteria, promoting the prolif-
eration of beneficial bacteria, and stimulating the production of SCFAs. In comparison to
monosaccharide SA, EBN demonstrates superior prebiotic activity [80]. Further studies
have shown that prolonged consumption of EBN enhances the abundance of beneficial gut
bacteria such as Bacteroides and Akkermansia, while concurrently reducing the prevalence of
Firmicutes. This suggests that EBN consumption may regulate gut function by promoting
beneficial microbial communities. Moreover, EBN-derived gut metabolites can directly
stimulate the proliferation of intestinal epithelial cells, thereby reinforcing the physical
barrier of the intestinal wall [81]. In conclusion, current research tentatively supports the
notion that EBN exhibits prebiotic-like properties by modulating the gut microbiota. The
specific mechanisms involved include the promotion of beneficial bacteria, the inhibition
of pathogenic bacterial growth, and the optimization of microbial community structure.
Simultaneously, EBN enhances intestinal barrier function by stimulating the production
of SCFAs and directly promoting the proliferation of intestinal epithelial cells. These
effects provide essential theoretical support for the neuroprotective effects of EBN via
the MGBA. While direct evidence concerning its role in mitigating brain aging requires
further exploration, EBN shows considerable research potential and promising application
prospects.

5. Comparison of EBN with Other Anti-Cognitive Decline Substances

The fundamental pathological mechanisms underlying brain aging encompass a
multitude of pathways, with oxidative stress receiving considerable attention as a pivotal
link among various mechanistic hypotheses. This section undertakes a comparative analysis
of EBN with antioxidants and other dietary substances that counteract brain aging, aiming
to elucidate its distinctive properties and identify existing research gaps. This analysis
serves as a reference for the development of future intervention strategies.
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5.1. EBN and Traditional Antioxidants

Antioxidants are classified into endogenous and exogenous types. Endogenous antiox-
idants, synthesized within the body, are further divided into enzymatic and non-enzymatic
categories. In contrast, exogenous antioxidants are acquired through dietary sources [82],
including vitamin E, vitamin C (ascorbic acid), and coenzyme Q10.

5.1.1. Vitamin E

Vitamin E (VE) encompasses a group of fat-soluble compounds characterized by signif-
icant antioxidant properties. Structurally, VE is composed of tocopherols and tocotrienols,
each of which exists in four isomeric forms: α, β, γ, and δ [83]. Notably, approximately
90% of VE present in plasma and brain tissue samples is in the form of α-tocopherol [84].
Research suggests that VE plays a crucial role in maintaining cellular redox homeostasis
by neutralizing reactive ROS and mitigating lipid peroxidation. Supplementation with
α-tocopherol has been shown to enhance cognitive function in patients with dementia,
reduce the risk of cognitive decline, and stabilize cognitive performance [85]. Neverthe-
less, some studies report no significant benefits in certain subpopulations with specific
dietary backgrounds, and excessive or high-dose supplementation may disrupt the equi-
librium of endogenous antioxidant enzyme systems [83,86]. Unlike EBN, VE is capable of
integrating into lipid structures within the central nervous system, where it acts synergisti-
cally with other intracellular antioxidants to inhibit lipid peroxidation induced by oxygen
radicals [87].

5.1.2. Vitamin C

Vitamin C (VC), also referred to as ascorbic acid, is a water-soluble antioxidant that
mitigates oxidative damage by neutralizing oxygen-free radicals [88]. A deficiency in VC
can lead to increased production of ROS and heightened oxidative stress through mito-
chondrial respiration, thereby contributing to the pathogenesis of AD [89]. In addition to
its inherent antioxidant capabilities, VC alleviates oxidative stress by regenerating oxidized
VE and enhancing the reductive capacity of NADH and NADPH [90]. Empirical studies
have shown that individuals who supplement with VC experience a 16% reduction in the
risk of developing AD compared to control groups [91]. Nevertheless, under certain redox
conditions, VC may exhibit pro-oxidant effects, which are dependent on the individual’s
redox status, dosage, and the route of administration [92]. Conversely, EBN has shown no
significant toxicity in animal studies, although its long-term safety in humans necessitates
further investigation.

5.1.3. Coenzyme Q10

Coenzyme Q10 (CoQ-10) is an endogenous, lipophilic antioxidant that is highly con-
centrated in mitochondria, where it plays a pivotal role in cellular energy metabolism and
antioxidant defense mechanisms. It exists in two primary forms: the oxidized coenzyme
Q10 (ubiquinone) and its reduced counterpart (ubiquinol) [93]. Within the mitochondria,
CoQ-10 functions as a critical electron carrier in the mitochondrial electron transport chain
during oxidative phosphorylation, facilitating electron transfer from Complexes I and II
to Complex III. Additionally, it is involved in the metabolism of pyrimidines and fatty
acids, and acts as a cofactor for dihydroorate dehydrogenase in mitochondrial uncoupling
proteins, as well as in the regulation of the mitochondrial permeability transition pore [94].
Beyond its mitochondrial functions, CoQ-10 is also localized in other subcellular organelles,
including lysosomes, peroxisomes, the Golgi apparatus, and the endoplasmic reticulum. It
is ubiquitously distributed throughout the brain, present in both neurons and glial cells [95].
Research has demonstrated that dietary supplementation with CoQ-10 ameliorates the
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pathological phenotype of the brain and enhances cognitive function in transgenic mouse
models of AD. Mechanistically, CoQ-10 administration significantly reduced oxidative
stress levels in the brain, evidenced by decreased carbonyl density and decreased Aβ

deposition [96]. Similarly, in rat models of AD, intracerebroventricular injection of Aβ

resulted in pronounced oxidative stress, indicated by increased serum malondialdehyde
(MDA, a terminal product of lipid peroxidation) and elevated total oxidant levels. Further
investigations have shown that CoQ-10 supplementation not only effectively mitigated
this oxidative damage but also significantly enhanced the organism’s overall antioxidant
capacity [97].

In conclusion, while traditional antioxidants primarily function as scavengers, brain
aging is a multifaceted process involving various pathways, including oxidative stress, in-
flammation, and apoptosis. EBN, through the synergistic action of its multiple components,
exhibits broader potential in combating brain aging by modulating the body’s antioxidant
defenses, controlling inflammation, and supporting neurotrophic systems.

5.2. EBN and Other Food-Derived Sources with Anti-Brain-Aging Properties

With the progression of nutritional neuroscience, the identification of substances with
neuroprotective properties in everyday diets has emerged as a central focus in research
aimed at combating brain aging. These compounds exert their influence on brain health
through various bioactive mechanisms, including antioxidant effects, anti-inflammatory
properties, and neurotransmitter regulation. To further contextualize EBN’s potential, we
compare it with other dietary strategies that have attracted substantial research interest
in brain health. The following discussion contrasts EBN’s multi-component, food-matrix
approach with interventions centered on isolated, high-potency phytochemicals (e.g.,
curcumin, quercetin) or essential nutrients (e.g., omega-3 fatty acids). Specifically, curcumin
and quercetin are included as representative plant-derived polyphenols with potent anti-
inflammatory and antioxidant properties [98,99], omega-3 fatty acids as essential nutrients
crucial for neuronal membrane integrity and synaptic function [100], and lutein as a
major carotenoid with antioxidant and neuroprotective effects [101]. In addition to single-
entity compounds, we further include medicinal mushrooms (e.g., Hericium erinaceus
and Ganoderma lucidum) and ginseng (Panax ginseng) as representative traditional multi-
component functional foods. These categories are characterized by complex phytochemical
or fungal metabolite matrices that act through coordinated modulation of neurotrophic, anti-
inflammatory, and antioxidant pathways rather than a single dominant molecule [102,103].

This structured comparison aims to contrast EBN’s multi-component, food-matrix ap-
proach with the paradigm of high-potency, single-entity compounds and essential nutrients.
This comparison is intended to illustrate different paradigms of nutritional intervention
rather than direct equivalence in composition.

5.2.1. Representative Polyphenol: Curcumin

Curcumin, chemically known as 1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione, is the principal polyphenolic component of turmeric and is characterized by its
high lipophilicity [104]. The neuroprotective effects of curcumin on the aging brain are
mediated through multiple signaling pathways, including the reduction in oxidative stress,
inhibition of Aβ formation, and attenuation of neuroinflammation. Inhibition of NF-κB
reduces inflammatory responses, while activation of nuclear factor erythroid 2-related factor
2 (Nrf2) promotes the expression of antioxidant response elements. Additionally, curcumin
enhances autophagy and the expression of neurotrophic factors, thereby facilitating the
clearance of deleterious protein aggregates [105]. In aged female Wistar rats, intraperitoneal
administration of curcumin at 30 mg/kg (5 days weekly for 8 weeks) suggests potential

https://doi.org/10.3390/nu18040671
63



Nutrients 2026, 18, 671

in delaying brain aging by reducing oxidative stress, inhibiting apoptosis, and enhancing
SOD activity, which in turn increases vascular endothelial growth factor (VEGF) and brain-
derived neurotrophic factor (BDNF) expression [106]. Curcumin also appears to improve
cognitive function by decreasing GSK-3β activity through the PI3K/Akt pathway [107]. In
cellular models, it mitigates oxidative damage in aged PC12 cells, reduces reactive oxygen
species production, prevents mitochondrial membrane potential loss, and promotes Nrf2
nuclear translocation to maintain mitochondrial function [108]. Preliminary clinical studies
suggest curcumin supplementation may aid memory consolidation, enhance cognitive
function, and reduce age-related memory decline [109]. Meta-analyses reveal that curcumin
supplementation, particularly at 0.8 g/day for at least 24 weeks, effectively enhances
cognitive function, with more significant benefits observed in elderly and Asian populations
compared to younger and Western groups [110]. Curcumin is characterized by limited
intestinal absorption and rapid hepatic metabolism, leading to extremely low bioavailability,
which necessitates enhancement through nanocarriers [111]. Feng et al. demonstrated
that the intranasal administration of curcumin molecules, which self-assemble into carrier-
free curcumin nanoparticles, can inhibit the TLR4/NF-κB pathway that mediates the
polarization of glial cells from the M1 to the M2 phenotype. This process reduces the Aβ

burden in AD transgenic mice and exhibits stronger inhibitory effects on Aβ aggregation
compared to free curcumin with monovalent effects [112].

5.2.2. Representative Lipid: Deep-Sea Fish Oil (Omega-3 Fatty Acids)

Omega-3 fatty acids, particularly docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), are critical components of fish oil. They play an essential role in maintaining
neuronal membrane stability, synaptic plasticity, and anti-inflammatory signaling path-
ways, thereby supporting brain health and delaying cognitive decline [113]. Brain tissue
contains a high concentration of DHA, accounting for 40% of synaptic membrane lipids. In
contrast, EPA levels in the brain are 10 to 20 times lower, yet EPA remains crucial for mi-
croglial function [114]. Research has demonstrated a correlation between the intake of EPA
and DHA and enhanced cognitive health in later life, as well as a reduced risk of dementia
over a lifetime [115]. Several mechanisms have been proposed to explain these effects,
including the enhancement of neurogenesis and the modulation of inflammation and neu-
roinflammation through the production of bioactive lipid mediators. A recent prospective
study involving older adults examined the relationship between fish oil supplementation,
which is rich in EPA and DHA, and the risk of developing dementia. The study found that
over an average follow-up period of 7.92 years, 2054 participants were diagnosed with
dementia. After adjusting for major risk factors, the intake of fish oil supplements was
significantly associated with a reduced risk of dementia in adults aged 60–73 years (Odds
Ratio = 0.87, 95% Confidence Interval: 0.79–0.96, p = 0.004) [116]. However, results from
clinical trials have been inconsistent and varied, likely due to significant heterogeneity
in trial designs [117]. Additionally, DHA has been shown to promote synapse formation
by increasing the expression of drebrin, a dendritic spine marker protein, and PSD-95, a
postsynaptic density protein [118]. DHA and EPA facilitate the dissociation of Nrf2 from
its inhibitor Keap1, and promote the translocation of Nrf2 to the cell nucleus, where it
interacts with the antioxidant response element [119]. Additionally, research indicates
that EPA competes with arachidonic acid (ARA) for binding to cyclooxygenase (COX) and
5-lipoxygenase (5-LOX) enzymes, thereby attenuating ARA metabolism and decreasing the
production of ARA-derived inflammatory mediators. DHA also competes with ARA for
incorporation into cell membranes, thereby reducing neuroinflammation [120]. In contrast
to EBN, DHA and EPA serve as essential ‘building blocks’ for the nervous system, whereas
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EBN primarily functions as a ‘regulatory modulator’ without providing foundational
structural components.

5.2.3. Representative Carotenoid: Lutein

Carotenoids, naturally occurring pigments prevalent in fruits and vegetables, are cate-
gorized into lipophilic carotenes, such as lycopene, α-carotene, and β-carotene, and more
polar xanthophylls, including lutein, zeaxanthin, astaxanthin and β-cryptoxanthin. Lutein
is notably the predominant carotenoid in the brain [121]. Its neuroprotective properties are
attributed to its antioxidant activity, its ability to prevent neuroinflammation, and its role
in enhancing levels of GAP-43, neural cell adhesion molecule (NCAM), and BDNF, which
collectively promote neurogenesis and improve neural plasticity [122]. As an effective free
radical scavenger, lutein demonstrates a particularly high capacity for quenching singlet
oxygen, a capability directly linked to its extensive conjugated double bond structure [121].
Research conducted by Leila Nazari et al. has shown that lutein significantly alleviates
cognitive impairment in a rat model of AD induced by Aβ [123]. Various behavioral assess-
ments, including the Morris water maze and novel object recognition tests, have confirmed
that lutein intervention effectively reduces deficits in spatial memory and recognition in
these model animals. At the mechanistic level, lutein significantly ameliorated abnormal
oxidative stress levels in the serum of AD rats. This was evidenced by a reduction in MDA
content and total oxidation status, coupled with an increase in total antioxidant capac-
ity. Similarly, another study demonstrated that intraperitoneal administration of lutein
enhanced mitochondrial function by activating the Nrf2 pathway, thereby attenuating in-
flammation in C57BL/6J mice subjected to traumatic brain injury [124]. In a H2O2 induced
oxidative stress model of BV-2 microglia, lutein treatment significantly upregulated the
synthesis of SOD2, suggesting that lutein mitigates oxidative damage by augmenting en-
dogenous antioxidant defenses [125]. Moreover, lutein has been shown to upregulate SIRT1
expression by inhibiting miR-135b-5p, which in turn suppresses M1 glial cell polarization
and inflammation, thereby ameliorating PD [126]. However, the bioavailability of lutein
is limited due to its intrinsic physicochemical properties. Its pronounced hydrophobicity
hinders dissolution and transport within the aqueous environment of the gastrointestinal
tract, thereby obstructing efficient delivery to absorption sites in the small intestine. Addi-
tionally, the conjugated double bond system within its molecular structure makes it prone
to oxidative degradation during processing and storage, thereby compromising its stability
and efficacy [127]. Similar to curcumin, lutein requires the use of nano-carriers to enhance
its therapeutic efficacy.

5.2.4. Representative Flavonoid: Quercetin

Flavonoids, a class of polyphenolic compounds prevalent in plant-based foods such as
fruits, vegetables, tea leaves, and wine, exhibit significant neuroprotective potential across
various subclasses. Notably, flavanols such as quercetin demonstrate substantial efficacy
in inhibiting Aβ aggregation and mitigating AD-associated pathology [128]. Quercetin
(3,3′,4′,5,7-dihydroxyflavone) is abundantly found in plants, including apples, onions, broc-
coli, wine, green tea, and Ginkgo biloba [129]. In addition to directly targeting Aβ, quercetin
reduces oxidative stress, inhibits neuroinflammation, enhances mitochondrial function,
and promotes neuronal survival [128]. Research suggests that quercetin can traverse the
BBB and exert neuroprotective effects by modulating multiple signaling pathways, includ-
ing the Nrf2/ARE pathway, which serves as a fundamental defense mechanism for cells
against oxidative damage [130]. Research has demonstrated that quercetin intervention at a
dosage of 60 mg/kg/day effectively reverses cognitive impairment in AD model mice and
significantly suppresses the expression of pro-inflammatory cytokines, including TNF-α,
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IL-6, and IL-1β, within the brain. The study further elucidated that the neuroprotective
effects of quercetin are closely linked to its activation of the Nrf2/HO-1 signaling pathway
and its facilitation of M2 anti-inflammatory phenotype polarization in microglia [131].
Moreover, evidence suggests that quercetin modulates multiple downstream pathways,
such as PI3K/Akt signaling activation, CREB phosphorylation, and NF-κB inhibition, by
upregulating the expression of key neurotrophic factors like BDNF and nerve growth factor
(NGF). These synergistic effects collectively enhance neuronal resilience, thereby promot-
ing improvements in memory and learning functions [132]. However, it is important to
note that due to its poor water solubility and low BBB permeability, quercetin exhibits
an oral bioavailability of approximately 2% [133]. To address this challenge, numerous
researchers have utilized nano-delivery systems and liposomal surface modifications to
improve the efficiency of BBB penetration. A multifunctional nanoparticle platform, desig-
nated as Anti-VCAM1-GM1@Q, has been developed. This platform targets vascular cell
adhesion molecule 1 on brain vascular endothelial cells, inhibiting its signaling pathway,
while concurrently employing monosialoglycerolipid to enhance the ability of quercetin
to traverse the BBB. This dual mechanism exerts synergistic anti-inflammatory effects,
significantly mitigating neuroinflammation and cognitive impairment [134]. Furthermore,
the menthol-modified quercetin liposomes (Men-Qu-Lips) developed by Liu et al. exhibited
exceptional encapsulation efficiency and stability. These liposomes effectively crossed the
BBB, reducing oxidative stress and neuroinflammation in the brains of aging mice, thereby
protecting neurons and enhancing their learning and memory capabilities [133].

5.2.5. Representative Functional Products: Medicinal Mushrooms

Medicinal mushrooms, including Hericium erinaceus (lion’s mane) and Ganoderma
lucidum (reishi), represent a class of food-derived complex natural products with growing
evidence for neuroprotective and anti-Alzheimer’s potential. Lion’s mane mushroom
has been widely studied for its rich profile of bioactive compounds such as erinacines
and hericenones, which have been shown to stimulate the synthesis of NGF and support
neurite outgrowth, thereby contributing to neuronal maintenance and cognitive func-
tion in vitro and in vivo models of neural injury and neurodegenerative pathology (e.g.,
NGF promotion and neurite enhancement) [135]. Beyond its neurotrophic effects, Lion’s
mane mushroom extract exhibits antioxidant and anti-inflammatory properties. It helps
mitigate oxidative stress and inflammation by regulating cellular defense pathways and
cytokine production [102]. Preclinical studies have also demonstrated that lion’s mane
polysaccharide-enriched extracts reduce ROS accumulation, prevent mitochondrial depolar-
ization, and preserve cholinergic system function in AD models, further highlighting their
multi-mechanistic neuroprotective capacities [136]. Moreover, emerging review evidence
supports the idea that H. erinaceus bioactive constituents act synergistically to regulate
neurotrophic, antioxidative, and anti-cytotoxic processes, positioning this mushroom as a
functional dietary candidate for cognitive support and age-related neuronal health [137].

Reishi mushroom (G. lucidum) and other medicinal fungi exhibit complementary
neuroprotective potential through distinct classes of bioactive metabolites, including triter-
penoids and polysaccharides, which have been shown to modulate neuroinflammation via
pathways such as TLR4/NF-κB and attenuate microglial overactivation associated with
neurodegenerative progression [103]. Systematic analyses suggest that multiple medicinal
mushroom species (e.g., Hericium, Ganoderma, Cordyceps) may alleviate cognitive impair-
ment in animal models, indicating that mushroom supplementation could contribute to
neuronal resilience through diverse mechanisms, including antioxidation, immunomod-
ulation, and regulation of neurotrophic signaling [138]. While clinical evidence remains
limited, the cumulative preclinical data provide a strong rationale for further investigation
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of medicinal mushroom-derived compounds as functional food strategies for supporting
cognitive function and mitigating neurodegenerative risk.

5.2.6. Representative Traditional Multi-Component: Ginseng

Ginseng has been widely studied for its neuroprotective potential in the context of
AD, with multiple major components, including ginsenosides and gintonin, demonstrating
modulation of key pathological processes such as Aβ metabolism, neuroinflammation,
oxidative stress, and mitochondrial dysfunction [139]. Ginsenosides, the principal bioactive
saponins in Panax ginseng, have been reported to target multiple mechanisms in AD mod-
els, including attenuation of Aβ formation, inhibition of tau hyperphosphorylation, and
enhancement of neurotrophic signaling [139]. In preclinical studies, isolated ginsenosides
(e.g., Rg1) have been shown to improve cognitive performance and reduce amyloid plaque
burden in animal models by activating antioxidant and anti-inflammatory pathways, as
well as supporting cholinergic system function [140,141]. Mechanistically, ginsenosides
exhibit anti-neuroinflammatory effects through inhibition of pro-inflammatory cytokine
production and modulation of NF-κB related signaling, which are implicated in AD pathol-
ogy [140]. Furthermore, several clinical and observational studies suggest that long-term
ginseng consumption is associated with cognitive benefits in the elderly, pointing to its
potential utility as a preventive dietary strategy for age-related cognitive decline, although
findings are still preliminary and warrant further large-scale trials [142].

Through a systematic comparison of various food-derived anti-brain aging com-
pounds, it becomes apparent that each compound offers distinct benefits and limitations in
addressing cognitive decline, attributable to their unique chemical properties and mech-
anisms of action. Curcumin and quercetin feature broad signaling interactions but are
constrained by bioavailability; omega-3 fatty acids serve as structural components; lutein
targets oxidative stress and synaptic pathways; medicinal mushrooms and ginseng pro-
vide multi-component bioactivity but from different biochemical matrices. In comparison,
EBN’s value lies in its multi-target network-regulatory capacity, engaging antioxidant,
anti-inflammatory, apoptotic, and neurotrophic pathways within a single food matrix. This
integrated regulatory pattern potentially bridges the gap between traditional antioxidant
supplementation and structurally oriented nutrient interventions, supporting cognitive
resilience in aging (Figure 5).

 

Figure 5. Comparison of edible bird’s nest with food-borne substances and traditional antioxidants.
This diagram is divided into three major categories: food-derived substances (curcumin, omega-3
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fatty acids, lutein, quercetin) and their key molecular targets and mechanisms of action; traditional
antioxidants (vitamin E, vitamin C, coenzyme Q10) and their primary functions; and EBN, posi-
tioned as a multi-component protein-glycoprotein-sialic acid matrix with cross-pathway regulatory
integration capabilities. Abbreviations: ALA, α-linolenic acid; EPA, eicosapentaenoic acid; DHA,
docosahexaenoic acid; ROS, reactive oxygen species; Nrf2, nuclear factor erythroid 2-related factor 2;
NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells. This figure was created using
Figdraw (Version 2.0, www.figdraw.com).

6. Safety, Quality Control, and Regulatory Considerations of EBN

In addition to efficacy, the translational development of EBN as a functional food
or nutraceutical necessitates rigorous attention to safety, quality control, and regulatory
compliance. IgE-mediated allergenicity has been reported in sensitive individuals, par-
ticularly in children, indicating that EBN proteins can act as food allergens and should
be clearly labeled for consumer safety [21]. Furthermore, the composition of EBN varies
considerably depending on swiftlet species, geographic origin, nesting environment, and
post-harvest processing methods, leading to substantial batch-to-batch variability in bioac-
tive profiles [16,143]. Such heterogeneity presents challenges for dose standardization and
reproducibility of biological effects. Contamination issues also warrant attention. Several
studies have reported the presence of heavy metals such as Pb, Hg, and Cd in EBN samples,
likely derived from environmental exposure and processing conditions [36]. These findings
highlight the necessity of rigorous quality control systems, including raw material screen-
ing, standardized processing, and contaminant monitoring. From a regulatory perspective,
EBN is generally classified as a traditional food in many Asian countries, whereas in West-
ern contexts it may fall under the category of nutraceuticals or novel foods. This distinction
has important implications for safety evaluation, labeling, and health-claim substantiation.
Future translational research should therefore integrate toxicological assessment, dose
optimization, and regulatory alignment to ensure the safe and effective use of EBN in brain
health applications.

7. Future Research Directions

In mechanistic studies, it is essential to establish humanized in vitro models of the
BBB, such as co-culture systems comprising hCMEC/D3 cells and astrocytes, to assess
the penetration efficiency and transport mechanisms of active components in EBN. This
approach will facilitate the validation of EBN’s impact on BBB permeability. In clinical
research, there remains a pronounced lack of RCTs and long-term follow-up data in middle-
aged and elderly populations at risk for neurodegenerative disorders. Future studies
should therefore prioritize rigorously designed RCTs. Importantly, the sample size for
definitive trials should not be arbitrarily defined but determined through a priori power
calculations based on effect sizes and variance estimates obtained from well-designed
pilot studies. Trial design should include clearly defined and clinically relevant primary
cognitive endpoints, such as changes in composite scores derived from validated batteries
(e.g., ADAS-Cog or MoCA), together with secondary outcomes reflecting daily functioning
and neuropsychiatric status. In addition, stratification or adjustment for key confounders,
including sex, baseline dietary habits (including prior exposure to EBN), and genetic or
metabolic risk factors, will be essential to ensure interpretability and generalizability of
findings. For industrial applications, the development of co-encapsulated EBN-probiotic
microcapsules is recommended to achieve sustained intestinal release and synergistic
enhancement of the microbiota.
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8. Conclusions and Outlook

In conclusion, EBN exhibits promising potential for application in mitigating brain
aging. Its antioxidant, anti-inflammatory, and neuroprotective properties may contribute
positively to decelerating the brain aging process. Active constituents such as SA, glyco-
proteins, and EGF are postulated to exert advantageous effects on nervous system function.
Nonetheless, rigorous basic experimental and clinical research is imperative to scientifically
substantiate its neuroprotective mechanisms and effects. Future investigations should
focus on elucidating the molecular and cellular mechanisms of EBN, thereby providing
a theoretical basis for the development of anti-brain-aging therapeutics. Additionally, its
potential utility in the prevention and treatment of neurodegenerative diseases warrants
evaluation to improve the quality of life for the elderly population.
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Abstract: Phenols are natural compounds with considerable bioactivities. However, the
low bioavailability and chemical instability of phenols limit their biological functions. This
review summarizes recent progress in phenol delivery systems that account for the specific
physiological conditions of the gastrointestinal tract. It focuses on the delivery materials
for intestinal targeting and the synergistic benefits of co-encapsulating phenols with other
functional ingredients. To achieve targeted release of phenols in the digestive tract, factors
such as pH, digestive enzymes, and gut microbiota should be fully considered in delivery
system designing. Materials like chitosan, sodium alginate, pectin, and guar gum offer
effective protection and targeted delivery of phenols due to their pH sensitivity and enzyme-
degradable properties. Co-delivery systems that combine phenols with carotenoids or
probiotics improve the functional properties of phenols, such as antioxidant activity, anti-
inflammatory effect, and regulation of gut microbiota. Probiotics can enhance phenolic
compound absorption and probiotic survival in a phenolic–probiotic co-encapsulation
system through debonding, bioconversion, and synergistic effects.

Keywords: phenolic compound; intestinal-targeted delivery; co-encapsulation; wall
material; bioavailability

1. Introduction

As modern lifestyles have changed, the global prevalence of chronic diseases such as
obesity, hypertension, and hyperlipidemia has increased significantly [1,2]. For individuals
with these conditions, these diseases diminish the living quality and increase the additional
burden of medical care. For example, obesity is associated with an increased risk of type
2 diabetes, cardiovascular diseases, stroke, and certain cancers (such as breast, colorectal,
endometrial, and pancreatic cancers) [3,4]. Recent studies have highlighted the value of
food bioactive compounds to prevent and mitigate the impact of these chronic diseases [5].

Phenols are abundantly present in plants [6]. Research indicates that phenols offer a
wide range of health benefits, including antioxidant, anti-inflammatory, lipid-lowering, and
gut microbiota-modulating effects [7]. These properties make them effective in preventing
various metabolic disorders, such as cardiovascular disease, diabetes, and obesity [7–9]. Ad-
ditionally, phenols can modulate the gut microbiota by promoting beneficial bacteria (such
as Lactobacillus and Bifidobacterium) while inhibiting harmful bacteria (e.g., Escherichia coli
and Salmonella), thus maintaining gut health [10–12]. Despite their benefits, phenols face

Nutrients 2025, 17, 2598 https://doi.org/10.3390/nu17162598
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several challenges during the digestion process. For example, phenols can bind to salivary
proteases in oral cavity, which causes unpleasant astringent tastes, thereby limiting their
palatability in food products [13]. In addition, phenols are chemically unstable and can
be degraded under various conditions, resulting in the loss of their bioactive properties.
This instability complicates their processing, storage, and transportation [14]. Table 1 pro-
vides a comprehensive overview of the bioactive properties and technological challenges
associated with commonly consumed phenols, detailing their therapeutic potential and
limitations in industrial applications. For instance, tea polyphenols can be degraded when
they are exposed to light, high temperatures, or transition metals, undergoing irreversible
chemical changes [15]. Furthermore, phenols are prone to instability in the acidic conditions
of the stomach, preventing them from reaching the gut in their bioactive form [16]. These
challenges not only hinder the bioaccessibility of phenols in the intestine but also restrict
their application as plant-based nutritional supplements.

Various technological strategies are applied by researchers to overcome the challenges
of phenols such as low bioavailability, instability, and limited effectiveness in the intestine.
One promising approach is the intestinal-targeted release technology. This method involves
designing specific carrier systems that enable the precise release of phenols within the
intestinal tract. It not only addresses the issue of the astringent taste of phenolic com-
pounds but also protects them from degradation by gastric acid and digestive enzymes,
thereby prolonging their residence time in the intestinal tract [17]. Due to the complex
physiological environments of the digestive system, developing effective phenol delivery
systems requires consideration of the distinct conditions in different regions. For instance,
the acidic pH and the presence of pepsin in the stomach necessitate that the delivery
system materials be resistant to both acid and enzymatic breakdown [18]. The physio-
logical environment of the small intestine must also be considered. The neutral pH and
high digestive enzyme activity in the small intestine can challenge the stability of these
systems. Therefore, colon-targeted delivery systems are often engineered with additional
protective layers, such as stable polysaccharides combined with proteins, providing extra
protection against degradation [19]. Additionally, the pH difference between the small
intestine and colon can be exploited to develop pH-responsive shells for targeted phenol *
delivery to the colon [20]. In recent years, there has been growing interests in co-delivery
systems, which combine phenols with other bioactive compounds, such as carotenoids
and probiotics. These systems can effectively deliver both phenols and other bioactives.
Co-delivery systems are designed by selecting compatible bioactives based on their physic-
ochemical properties (e.g., polarity, hydrophilicity, antioxidant properties) and functional
activities (e.g., anti-inflammatory activity, anticancer activity and anti-obesity activity), thus
enhancing the stability of the system and generating synergistic effects [21–23].
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Although existing reviews summarize advances in the preparation of phenol microcap-
sules, they predominantly concentrate on preparation methods and the design of delivery
systems. There is, however, a clear need to investigate the intestinal-targeted release of
phenol microcapsules, considering the unique environment of different digestive sites.
Furthermore, the co-encapsulation of phenols with other bioactive compounds is gaining
attention. This review examines the physiological conditions of the digestive tract and their
influence on phenol delivery systems. It also presents wall materials like chitosan, sodium
alginate, and pectin, which are ideal for developing phenol-based intestinal-targeted release
systems. In addition, this paper also discusses the suitable delivery systems for different
water-soluble phenolics as well as advances in the study of phenolics co-encapsulation
with probiotics and their interaction.

2. Methods

A literature search was performed using the Web of Science, PubMed, and ScienceDi-
rect databases to identify relevant studies published from January 2015 to December 2025.
The search was limited to articles published in English in peer-reviewed journals. The
following keywords and combinations were used for the search: “phenolic compounds,”
“intestinal targeted delivery,” “polyphenol microencapsulation,” “co-encapsulation of
polyphenols with probiotics,” and “intestinal-targeted release of polyphenols.” Conference
abstracts, non-English articles, duplicate records, and studies not directly related to the
intestinal delivery of phenolic compounds were excluded.

The inclusion criteria encompassed original research articles (including in vitro,
in vivo, and clinical studies) as well as review articles addressing advances in the tar-
geted delivery of polyphenols and their interaction with gut microbiota or encapsulation
techniques. Articles meeting the inclusion criteria were reviewed in full, and relevant refer-
ences cited within these articles were also screened to ensure comprehensive coverage of
the topic. A narrative synthesis of the selected literature was then conducted to summarize
the current knowledge and identify gaps for future research.

3. Physiologic Environments of Digestive Tract and Their Effects on
Phenol Delivery Systems

When preparing gastrointestinal targeted-release systems, selecting wall materials is
extremely important. The characteristics of the gastrointestinal physiological environment
are a major consideration. The gastrointestinal physiological environment and strategies
for selecting wall materials are summarized in Figure 1.

3.1. Stomach

The intricate physiological environment of the stomach poses specific challenges to
the design and use of intestinal-targeted release microcapsules. The acidic nature of gastric
juice (pH 1.5–3.5), the presence of pepsin, and the protective function of gastric mucus
together establish a unique microenvironment [48]. These factors significantly affect the
stability and release properties of microcapsules, guiding the selection and design of their
wall materials.

Hydrochloric acid is a major component of the stomach’s environment, and its acidic
properties pose a significant challenge to the stability of microencapsulated wall materials.
Many natural and synthetic polymers, when used as wall materials, are vulnerable to
degradation or solubilization under acidic conditions. This leads to the premature release
and degradation of phenols in gastric acid and prevents phenols from reaching the in-
testines and fully exerting their functional effects. Pepsin, the dominant digestive enzyme
in gastric juice, activates and cleaves peptide bonds in proteins, facilitating their breakdown
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in an acidic environment. The presence of pepsin can degrade certain protein-based wall
materials (e.g., gelatin), causing premature release of the core material and inhibiting the
active ingredient from reaching the intestines to perform its intended activity [49,50]. To
prevent this, acid-resistant and enzyme-resistant materials, such as pectin, chitosan, sodium
alginate, and gum arabic, are often chosen to protect the microcapsules from premature
degradation in the gastric environment.

Figure 1. Schematic of the gastrointestinal physiological environment and wall material selection
strategies.

3.2. Small Intestine

The small intestine, which plays a central role in nutrient absorption, features a dense
network of villi and microvilli that dramatically expand its absorptive surface area. Tar-
geted release of phenols and other bioactive compounds in this region increases their
bioavailability, ensuring efficient uptake into systemic circulation and enhancing their
physiological efficacy [51]. As the longest part of the digestive system, the small intes-
tine facilitates the enzymatic breakdown of macromolecules, enabling efficient nutrient
assimilation. The small intestine’s near-neutral pH (6.5–7.5) provides optimal conditions
for digestive enzymes, ensuring the efficient hydrolysis of nutrients [52]. Enzymes such
as amylase, protease, and lipase secreted by the small intestine catalyze the breakdown
of dietary macromolecules, with nutrient absorption occurring through mechanisms in-
cluding passive diffusion, active transport, and endocytosis [53]. Thus, pH-responsive
encapsulation systems are employed to protect phenols from gastric acidity while facilitat-
ing their release in the small intestine. In addition, acid-resistant and enzyme-resistant wall
materials further improve the precision of intestinal-targeted delivery.

3.3. Colon

The colon, as the final segment of the gastrointestinal tract, is mainly responsible for
water and electrolyte absorption, vitamin recovery, and the compaction and expulsion of
undigested residues. New insights into the colon’s role in host–microbiota crosstalk have
identified it as a critical target for therapeutic interventions involving prebiotics, probiotics,
and bioactive compounds to promote systemic health [54]. Colon-targeted phenol delivery
has been shown to alleviate colitis, modulate gut microbiota, and strengthen the intestinal
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barrier, offering both therapeutic and preventive benefits [55]. The design of phenol
carriers, by taking into consideration the colon’s physiological characteristics, ensures
targeted delivery while minimizing unintended effects. The colonic lumen has a mildly
alkaline pH (6.5–7.5) [56], which supports both enzymatic and microbial activities. The
colon harbors a dense microbial community (1011–1013 CFU), which greatly exceeds the
microbial load in the stomach (103 CFU) and small intestine (104–108CFU) [57]. Obligate
anaerobes, including Bifidobacterium, Lactobacillus, and Bacteroides species, predominate
in this ecosystem, and their metabolic processes are enhanced by the alkaline pH of the
colon. These microorganisms are vital for maintaining gut health, immune function, and
metabolic homeostasis [58,59]. Thus, materials that resist degradation in the gastric and
small intestinal environments but can be metabolized by colonic microbes are suitable for
achieving colon-targeted release. Moreover, the higher pressures in the colon, resulting
from peristalsis, may serve as an effective trigger for drug release [60].

Colon-targeted delivery systems require enhanced stability and prolonged intestinal
retention compared to those targeting the small intestine. To achieve this, formulations
often incorporate a combination of polysaccharides and proteins to strengthen the system’s
resistance to the harsh gastric and small intestinal environments. This ensures that the
delivery system reaches the colon intact, enabling precise and site-specific release. Such an
approach improves both the physiological resilience and release performance of the system
in the colonic environment [19].

In summary, the gastrointestinal tract presents compartment-specific physiological
environments: an acidic gastric lumen, a near-neutral small intestine, and a microbiota-rich
colon. These environments impose distinct design requirements for microencapsulation. In
the stomach, low pH (1.5–3.5), pepsin activity, and the mucus barrier can degrade polymer
walls and prematurely release phenols. The small intestine (pH 6.5–7.5) necessitates acid-
resistant yet pH-sensitive carriers that remain stable in gastric conditions but release
contents site-specifically. In the colon, where the pH remains mildly alkaline and microbial
density is high, delivery systems must exhibit microbial and enzymatic responsiveness,
mechanical robustness, and extended retention. Thus, the selection of wall materials must
account for the entire gastrointestinal landscape to ensure successful transit and precise
release in the colon, enabling the bioactive payload to perform its intended function.

4. Wall Materials for Intestinal-Targeted Release

In the development of intestine-targeted delivery systems, the selected materials must
possess sufficient mechanical strength to resist the oral and gastric environments while
ensuring controlled release in the small intestine and colon. Therefore, the choice of wall
material is of great significance. It is necessary to take into account the physicochemical
properties of phenols, such as their hydrophilic/hydrophobic characteristics and charge
attributes. In addition, to achieve targeted release in the small intestine or colon, both the
mechanical strength and gastrointestinal stability of the wall material must be carefully
considered. The following is an introduction to the commonly used wall materials in these
two types of systems.

4.1. Small Intestine Targeted Release

Optimal wall materials for small intestine-targeted microcapsules must demonstrate
high biocompatibility, chemical stability, and resistance to gastric acid. To overcome gastric
conditions (pH 1.5–3.5, proteolytic enzymes, bile salts), pH-sensitive polymers—such as
alginate, chitosan, and resistant oligosaccharides—are commonly employed to ensure site-
specific payload release in the small intestine. Given its central role in nutrient absorption,
the small intestine requires well-designed delivery systems to improve the bioavailability

82



Nutrients 2025, 17, 2598

and chemical stability of phenols. The physicochemical properties of encapsulating materi-
als critically influence release kinetics across the gastrointestinal tract (oral cavity, stomach,
small intestine), ultimately determining therapeutic outcomes. High-performance carriers
must withstand degradation in the oral and gastric environments, while enabling pH-
and enzyme-responsive release in the small intestine, with minimal leakage into the colon.
The subsequent sections discuss commonly used wall materials for phenols encapsulation
targeted to the small intestine.

4.1.1. Chitosan

Chitosan, a cationic polysaccharide obtained through chitin deacetylation, demon-
strates excellent mechanical strength and resistance to gastrointestinal shear stress [61,62].
Its functional groups (-NH2, -OH, -COCH3) facilitate non-covalent interactions, including
hydrogen bonding and electrostatic attraction with phenols, thereby enhancing payload
stability [63]. Under gastric conditions (pH 1.5–3.5), protonation of the amine groups pro-
motes electrostatic crosslinking, while the polymer’s hydrophobic nature further prevents
premature drug release [16]. At intestinal pH (7.0–7.5), chitosan undergoes deprotonation,
which enables solubilization, while enzymatic degradation by proteases and carbohydrases
facilitates site-specific release [54]. The cationic surface charge also promotes mucoadhesion
through electrostatic interactions with negatively charged intestinal mucins, extending resi-
dence time and increasing local concentrations of phenols, thus improving absorption [16].
Its biocompatibility and low immunogenicity further support chitosan’s potential for clini-
cal application [64]. The dual pH responsiveness—resistance in the stomach and solubility
in the intestine—makes chitosan ideal for spatiotemporal delivery systems. Accordingly,
chitosan is considered a leading candidate for small intestinal drug delivery. In one exam-
ple, Hassan et al. [65] developed microencapsulated systems by coating alginate–caffeic
acid hydrogel beads with chitosan using ionic gelation. The chitosan layer minimized
drug leakage in Simulated Gastric Fluid (SGF) (<20%) via surface erosion and Fickian
diffusion, while in Simulated Intestinal Fluid (SIF), over 90% release was achieved within
180 min [65].

4.1.2. Sodium Alginate

Sodium alginate, a natural polysaccharide derived from brown algae such as kelp
and Sargassum, is the sodium salt of alginic acid [66]. This biocompatible and non-toxic
polymer is extensively applied in food and pharmaceutical delivery systems [67]. Struc-
turally, it consists of β-D-mannuronic acid and α-L-guluronic acid residues linked via
(1→4) glycosidic bonds [66]. As a polyanionic polymer, sodium alginate exhibits pH-
responsive solubility: in acidic conditions (pH 1.5–3.5), protonation of carboxyl groups
reduces hydrophilicity and contracts the polymer chains, contributing to gastric stability.
In contrast, in the small intestine (pH 6.0–7.5), deprotonation increases solubility, facili-
tating pH-dependent release of encapsulated compounds [68]. Its excellent film-forming
properties allow the construction of microcapsules with sufficient mechanical strength to
withstand oral mastication and gastric peristalsis, thereby protecting sensitive phenols [69].
When crosslinked with divalent cations such as Ca2+, sodium alginate forms ionotropic
hydrogels that remain intact under gastric pH. These hydrogels disintegrate in the in-
testinal environment through a combination of cation exchange (Na+ replacing Ca2+) and
pH-induced dissolution, enabling targeted intestinal release [68].

Zhao et al. [70] developed alginate-based enteric capsules to enhance the oral bioavail-
ability of proteins. These capsules maintained structural integrity in SGF (pH 1.2) but
disintegrated rapidly in SIF (pH 6.8), demonstrating their effectiveness for site-specific
protein delivery [70]. Similarly, Cao et al. [71] reported that sodium alginate-composite
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microcapsules significantly improved microbial viability under simulated gastrointestinal
conditions. Lactobacillus plantarum showed a 71.49% survival rate in SGF and was released
at 2.51 × 109 CFU in SIF, underscoring the formulation’s resilience during digestion [71].
González et al. [72] optimized low-concentration alginate matrices for sustained intestinal
release of olive secoiridoids. The system’s sensitivity to alkaline pH and extended intestinal
retention provided gastric protection while enabling controlled release, resulting in 88%
bioaccessibility and improved systemic bioavailability [72].

4.1.3. Other Wall Materials

Protein-based encapsulation presents a promising strategy for targeted phenol delivery
to the small intestine. Wang et al. [73] developed microcapsules using soy protein isolate
(SPI) and whey protein isolate (WPI) as wall materials. These formulations effectively
protected curcumin from gastric degradation and facilitated its release in the small intestine
through pH and enzyme-responsive mechanisms. Among the two microcapsules, WPI-
based microcapsules exhibited higher encapsulation efficiency (97.6%) and payload capacity
(9.6%), whereas SPI-based microcapsules demonstrated greater proteolytic sensitivity and
a cumulative curcumin release exceeding 85% during intestinal digestion [73].

In conclusion, pH-responsive polymers (e.g., chitosan, sodium alginate) and protein
composites (e.g., SPI, WPI) are rationally selected as wall materials to enhance microcapsule
stability and achieve site-specific release. These materials synergistically resist gastric
acidity and promote controlled intestinal release, thereby improving phenol bioaccessibility
and systemic uptake.

4.2. Colonic Targeted Release

Phenols have shown therapeutic potential in alleviating colitis and modulating gut mi-
crobiota through colon-specific mechanisms [74,75]. These effects are mediated by colonic
microbiota, which transform phenols into bioactive metabolites via enzymatic cleavage
of complex molecular structures [76]. However, unencapsulated phenols are suscepti-
ble to extensive degradation in the upper gastrointestinal tract (GIT), leading to reduced
colonic bioavailability and compromised anti-inflammatory and microbiota-regulating
efficacy [77,78]. Conventional microencapsulation techniques often fail to withstand gastric
and intestinal environments due to inadequate mechanical strength, resulting in prema-
ture release of the payload in the upper GIT. This underscores the need for advanced
colon-targeted delivery systems with improved gastrointestinal stability.

In designing such systems, physicochemical properties of wall materials need to be
considered to guarantee the phenol stability at different GIT environments. Effective colon-
targeted carriers must endure sequential physiological stresses—including gastric acidity
(pH 1.5–3.5), digestive enzymes (e.g., pepsin, trypsin), and microbial fermentation in the
colon. An ideal system should resist degradation throughout the oral cavity, stomach, and
small intestine, and enable precise release in the colon to ensure sufficient local concentra-
tion for therapeutic activity. To meet these criteria, composite wall materials are commonly
employed. Multilayered matrices can enhance structural stability and enable site-specific
release in the colon.

4.2.1. Wall Materials for Microbial Degradation

The degradation of encapsulation materials in the colon is largely mediated by res-
ident anaerobic bacteria, including Bifidobacterium, Lactobacillus, and Bacteroides. These
microbes can specifically degrade certain polysaccharides, such as pectin and guar gum.
Thus, polysaccharides are considered as effective wall materials for colon-targeted deliv-
ery. Their microbial metabolism promotes the controlled release of phenols in the lower
gastrointestinal tract.
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Pectin is a plant-derived heteropolysaccharide, which can form stable phenol encapsu-
lation complexes through hydrogen bonding and electrostatic interactions. Its hydrophobic
domains facilitate the selective encapsulation of curcumin, achieving up to 85.3% binding
efficiencies [79]. Pectin degradation in the colon requires the synergistic action of microbial
enzymes, including hydrolases, lyases, and esterases, produced by colonic microbiota such
as Bacteroides and Bifidobacterium [80]. Pectin is resistant to degradation by endogenous
enzymes in the stomach and small intestine. However, enzymes from intestinal microbes
(primarily species from Mycobacterium, Bifidobacterium, and Clostridium) can break it down
in the colon. This makes pectin a suitable material for colon-targeted phenol delivery [81].
However, pectin’s hydrophilicity and pH-dependent swelling can limit its standalone use.
To address these limitations, composite systems like pectin–chitosan polyelectrolytes are
used. These systems can reduce aqueous solubility to less than 15% in SGF [82], while
enhance stability and enable the controlled release of phenols in the colon [16]. For exam-
ple, Andishmand et al. [82] developed a chitosan–pectin polyelectrolyte complexes. The
complexes retained over 80% resveratrol during simulated upper gastrointestinal transit,
and achieved 49% colon-targeted release of resveratrol [82].

Guar gum is a natural polysaccharide primarily extracted from guar beans (Cyamopsis
tetragonolobus). It consists of mannose and galactose units, and is characterized by high
water solubility and biodegradability [83,84]. The hydrophilic matrix of guar gum formed
in cold water allows for the encapsulation of phenols with varying solubility profiles [85].
Guar gum exhibits pH-dependent swelling behavior in the gastrointestinal tract: it swells
minimally in acidic conditions and undergoes maximal expansion in alkaline environ-
ments [86]. Furthermore, guar gum is resistant to digestion in the stomach and small
intestine, but can be efficiently degraded by microbes in the colon. Gut microbes that can
degrade guar gum include Bacteroides, Ruminococcus, and Bifidobacterium [87,88]. These
characteristics make guar gum an effective wall material for colon-targeted phenol delivery.
Kumar et al. [89] developed solid tablets using guar gum-encapsulated curcumin. In a
simulated gastrointestinal environment over 24 h, these solid tablets released 42–86% of
curcumin in the colon, while only 10% of the curcumin was released by the unencapsulated
form. In an in vitro cytotoxicity study, the curcumin-encapsulated tablets exhibited stronger
anticancer activity against HCT-15 cells than free curcumin, without any cytotoxic effects
from the blank matrix. The underlying mechanisms of this enhanced activity warrant
further investigation [89].

4.2.2. Reinforcement of Wall Materials to Withstand Small Intestine Digestion

Colon-targeted phenol delivery systems require greater mechanical and chemical
robustness than those intended for small intestinal release. By selecting more robust
wall materials, the colon-targeted phenol delivery system can effectively withstand small
intestine digestion. To facilitate the release of core materials in the colon, Sun et al. [90]
engineered polysaccharide-reinforced matrices that improved systemic stability, resulting
in 92% colonic payload delivery in murine colitis models. Additionally, colon-targeted
phenol release can be achieved by optimizing the concentration and preparation method of
the wall materials. González et al. [72] showed that microcapsules of olive bitter glycosides,
prepared with a higher concentration of sodium alginate and by spray-drying, overcame the
sensitivity of alginate to the alkaline environment of the small intestine and the extended
transit time to the colon. This approach prevented premature release of olive bittersweet in
the small intestine, ensuring its intact release in the colon (90%) [72].

Through design modifications, wall materials intended for small intestinal-targeted
release can be used for colon-targeted delivery. For instance, alginate can provide gastric
protection and chitosan can provide small intestinal enzyme resistance. The composite
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matrices of alginate and chitosan enable precise colonic delivery [16]. Wen et al. demon-
strated the pH and enzyme-responsive release of quercetin using alginate–chitosan carriers,
achieving 85% colonic bioavailability in pharmacokinetic studies [91].

In summary, for small-intestinal targeted delivery of phenols, a common sys-
tem involves coating phenols with a large-molecular-weight polysaccharide (e.g., chi-
tosan, sodium alginate) wall material. If the phenols are hydrophobic, a protein or a
hydrophobicity-inducing polysaccharide is used as an inner layer. This ensures the system
has enough mechanical strength to survive the gastric environment and releases phenols
stably in the small intestine. Colonic drug delivery demands greater system strength and
stability. To enhance mechanical stability, an additional protective layer can be applied to
the small intestine-targeted delivery system. Alternatively, select wall materials degradable
by colonic microbes for the inner layer and pair them with other large-molecular-weight
polysaccharides as the outer layer. This shields phenolic compounds from degradation in
the stomach and small intestine. Sometimes, proteins are added to enhance the solubility
and embeddability of hydrophobic phenols.

5. Intestinal Release of Phenolic Compounds

Recent research has made significant progress in developing delivery systems for
phenolic compounds. These studies aim to enhance the bioavailability and functionality
of phenolic compounds, thereby maximizing their health benefits in the gut. Phenolic
compounds such as gallic acid, anthocyanins, quercetin, resveratrol, and curcumin possess
unique bioactivities and health benefits. However, these compounds face challenges in
intestinal delivery, including low solubility, instability, and poor bioavailability (Table 1).
Delivery systems must be carefully selected based on the distinct physicochemical prop-
erties of each phenolic compound. Amongst these physicochemical properties, water
solubility needs special focus in designing targeted delivery systems of phenolic com-
pounds (Figure 2).

 
Figure 2. Schematic of delivery systems for water-soluble and non-water-soluble phenolic compounds.
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5.1. Intestinal Targeted Delivery of Water-Soluble Phenolic Compounds

For water-soluble phenolic compounds such as gallic acid, anthocyanins, and epigallo-
catechin gallate (EGCG) [92,93], their favorable water solubility facilitates smooth transport
through the gastrointestinal tract and rapid dispersion for absorption by the intestinal
mucosa. However, these compounds remain susceptible to degradation from gastric acid
and digestive enzymes. To overcome this challenge, researchers have developed targeted
release systems based on hydrogels and microemulsions.

Hydrogel systems, with their hydrophilic network structure, can effectively load
water-soluble phenolic compounds. By adjusting the cross-linking density and pore size
of the hydrogel, the release rate of the compounds can be controlled to achieve intestinal
targeted delivery [94]. Winda et al. prepared a hydrogel loaded with gallic acid using
alginate gel and lactoferrin. The hydrogen bonds formed between the phenolic groups
of gallic acid and lactoferrin effectively prevented the loss of gallic acid from the gel,
thereby enhancing its stability [95]. Meanwhile, Zhao et al. [96] developed a nano-hydrogel
system for water-soluble anthocyanins using alginate and hyaluronic acid as wall materials.
This system can target the release of anthocyanins at sites of intestinal inflammation.
Utilizing a colon-specific alginate gel shell and hyaluronic acid for inflammation-specific
targeting, the nano-composites aggregate on the inflamed colon mucosa. This design
protects anthocyanins from degradation in external and gastrointestinal environments and
significantly improves local bioavailability by prolonging colon retention time [96,97].

Microemulsions significantly enhance the dispersion of water-soluble phenolic com-
pounds within the gastrointestinal tract, thereby enhancing their bioavailability. Gao
et al. [98] utilized a reverse microemulsion process to develop a modified corn starch
microgel system. This innovative system achieved an impressive encapsulation efficiency
of 63.89% for EGCG. Notably, the DPPH free radical scavenging activity of EGCG was
elevated to 85.37%, reflecting the system’s efficacy. Furthermore, the system demonstrated
a markedly higher release of EGCG in SIF (60%) compared to SGF (<20%), clearly indicating
its intestinal targeted delivery characteristic [98].

5.2. Intestinal Targeted Delivery of Water-Insoluble Phenolic Compounds

Quercetin, resveratrol, curcumin, and other phenolic compounds with poor water
solubility present significant challenges in terms of gastrointestinal absorption and utiliza-
tion [99–101]. The low solubility of these compounds in the gastrointestinal tract impedes
the formation of a uniform solution, thereby limiting their contact with the intestinal
mucosa and leading to reduced bioavailability [102,103]. To overcome these challenges,
research has been directed toward the development of advanced drug delivery systems
designed to enhance the solubility and stability of these compounds. Among the various
approaches, nanoemulsions and liposomes have emerged as two of the most commonly
utilized targeted release systems for water-insoluble phenolic compounds.

Nanoemulsions significantly enhance compound solubility via their nano-sized oil
droplets. The surfactants in nanoemulsions prevent droplet aggregation, thereby ensuring
stability within the gastrointestinal tract [104]. Chen et al. developed a whey protein
isolate–inulin complex emulsion for quercetin encapsulation, achieving an encapsulation
efficiency of 83.62% and remarkably enhancing water solubility by 389 times [105]. This
delivery system demonstrated superior antioxidant capacity. Moreover, it maintained
stability under gastric conditions, enabling targeted quercetin release in the small intestine
and thereby improving bioavailability. Additionally, Wang et al. [106] formulated a dextran-
based water-in-oil emulsion loaded with curcumin. This system protected curcumin from
degradation and significantly enhanced its gastrointestinal absorption, leading to a 4.8-fold
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increase in bioavailability. It effectively addressed the challenges of curcumin’s poor water
solubility and low oral bioavailability [101,106,107].

Liposomes, with their distinctive bilayer membrane structure, encapsulate water-
insoluble phenolic compounds within the lipid bilayer, shielding them from adverse
gastrointestinal conditions and facilitating absorption through interaction with intestinal
mucosal cells [108,109]. Shruthi et al. [110] developed a resveratrol-encapsulated lipo-
some using maltodextrin, lactose, and branched starch as wall materials. This liposome
demonstrated stability in SGF and achieved a targeted release of 78.2% of resveratrol in SIF,
thereby enhancing its bioavailability and water solubility [110,111].

In summary, the selection of delivery systems for phenolic compounds with varying
water solubilities is a direct reflection of their differing physicochemical properties. Water-
soluble phenolic compounds are more effectively delivered through hydrophilic systems
such as hydrogels and microemulsions, whereas water-insoluble phenolic compounds
are better suited to systems like nanoemulsions and liposomes, which are designed to
improve solubility and stability. This classification based on water solubility provides
a robust theoretical foundation and practical guidance for the development of precise
intestinal targeted delivery systems tailored to the specific characteristics of different
phenolic compounds.

6. Intestinal Delivery of Phenol-Containing Mixtures

In recent years, research on delivery systems for phenols has evolved from focus-
ing solely on the encapsulation of individual compounds to exploring multi-component
co-delivery systems. This transition is driven by the potential of co-delivery systems to si-
multaneously encapsulate multiple bioactive compounds, enabling synergistic interactions
that enhance therapeutic outcomes. Consequently, there has been a growing interest in co-
embedding phenols with other bioactive agents for targeted delivery to the gut, particularly
when the co-embedded compounds are functionally compatible and capable of producing
complementary biological effects [21,22]. Table 2 provides a comprehensive overview of
recent studies on the co-encapsulation of polyphenols with other bioactive components,
detailing their targeted encapsulation characteristics and the resulting biological activities.

6.1. Intestinal Co-Delivery of Multiple Phenols

Studies have demonstrated that combining phenols can enhance their overall bioactiv-
ity [112]. EGCG, a principal component of green tea phenols, possesses abundant phenolic
hydroxyl groups and exhibits potent antioxidant, anti-inflammatory, and colon cancer-
preventive properties. When co-administered with curcumin, EGCG has been shown to
synergistically enhance its anticancer efficacy [26,104,113]. Moreover, selecting phenols
with complementary physicochemical properties for co-embedding can significantly im-
prove the stability and intestinal targeting of delivery systems. For instance, strongly
hydrophobic curcumin can be incorporated into the hydrophobic core of zein–lysozyme
nanoparticles via an anti-solvent method, while moderately hydrophobic EGCG can be
adsorbed in the interfacial region between the zein core and caseinate shell. Yan et al. [23]
leveraged these interactions to develop a novel plant protein-based nanoparticle system for
co-encapsulating curcumin and EGCG with differing polarities. This system was achieved
through EGCG-mediated covalent bonding with proteins or polysaccharide [23]. Enhanced
encapsulation efficiency for curcumin, improved stability and bioavailability, and an in-
crease in the composite’s overall antioxidant capacity was further observed. These findings
indicate that co-embedding phenols with distinct polarities can both stabilize protein-based
delivery systems and induce synergistic therapeutic effects.
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Curcumin and resveratrol exhibit a range of biological activities, including antioxidant,
anti-inflammatory, and anticancer effects [114]. As hydrophobic phenols, both of them can
interact with hydrophobic domains of proteins. By forming a hydrophobic nanoparticle
core via protein–phenol coupling, high-efficiency co-encapsulation of curcumin and resver-
atrol can be achieved. Based on Yan et al.’s preliminary work [79], Liu et al. [115] designed
a colloidal delivery system capable of co-delivering both compounds, which enhanced
their water dispersibility, chemical stability, and bioaccessibility. The system achieved
encapsulation rates of about 71% for curcumin and 85% for resveratrol. In vitro digestion
experiments revealed that the formulation resisted degradation in the gastric environment
and released its contents in the small intestine. This behavior was largely attributed to
the formation of mixed micelles by lipid digestion products, facilitating solubilization
of microcapsules in intestinal fluids and increasing the bioaccessibility of curcumin and
resveratrol to 61.1% and 90.1%, respectively [115]. Interestingly, the co-loaded nanoparticles
were smaller in size compared to those loaded with individual phenols. This is likely due
to the close hydrophobic interactions between curcumin and resveratrol, which reduce
internal molecular free space and promote a more compact nanoparticle structure.

6.2. Intestinal Co-Delivery of Phenols and Carotenoids

Carotenoids are widely distributed in green vegetables and yellow to orange fruits,
with a range of biological activities [116]. Structurally, they can be divided into two main
types: hydrocarbon carotenoids (such as α-carotene, β-carotene, γ-carotene, and lycopene)
and oxygen-containing carotenoids, which are also known as xanthophylls (such as lutein,
zeaxanthin, and astaxanthin) [117]. These compounds are recognized for their antioxidant,
immunoregulatory, anticancer, and anti-aging effects [118]. Nevertheless, the extensive
unsaturation in their hydrocarbon chains compromises their water solubility and bioavail-
ability [119], and renders them susceptible to degradation. To address these limitations,
co-pigmentation with active compounds such as phenols and flavonoids has been em-
ployed. These molecules can interact with carotenoids via hydrogen bonds, electrostatic
interactions, and van der Waals forces, thereby enhancing their stability and antioxidant
capacity [120]. Co-embedding carotenoids with phenols is thus a promising strategy for
overcoming bioavailability challenges and amplifying functional benefits.

β-carotene is a natural hydrophobic carotenoid and a vitamin A precursor. β-carotene
exhibits strong antioxidant properties, including scavenging free radicals and reactive
oxygen and nitrogen species. It plays a crucial role in metabolic and cellular developmental
processes [121]. However, its poor solubility in water and susceptibility to oxidation
limit its use in dietary supplements [32]. Anthocyanins possess anticancer properties.
When combined with β-carotene, the resulting formulation can enhance bioefficacy while
reducing chemotherapy-related toxicity and resistance. Shi et al. [122] developed a gut-
targeted antioxidant delivery system by co-encapsulating liposoluble β-carotene and water-
soluble, positively charged anthocyanins using chitosan and oxidized konjac glucomannan
as wall materials. The hydrophobic β-carotene was encapsulated within oxidized konjac
glucomannan to form a double emulsion, while the positively charged anthocyanins and
chitosan were adsorbed onto its surface. This system exhibited pH-responsive release
in the intestine, because chitosan resists gastric acid and deprotonates in the neutral
environment of the small intestine, facilitating the release of β-carotene and anthocyanin.
This delivery system exhibited synergistic antioxidant activity, increased thermal stability,
and successfully delivered both antioxidant compounds to the small intestine [122].

As a type of carotenoid, lutein is mainly obtained from marigold petals [123]. It serves
as a key component of the human macular pigment, contributing to improved vision and
retinal health [124]. Despite these benefits, lutein exhibits low water solubility and high
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susceptibility to oxidative, thermal, and photolytic degradation [125]. To address this
limitation, Yan et al. [126] developed a lutein-enriched emulsion with enhanced stability.
A covalently bonded phenol–protein–polysaccharide complex (bovine serum albumin,
chlorogenic acid, and dextran) was used as a novel emulsifier, along with vitamin E as
a fat-soluble antioxidant. This formulation significantly improved the bioaccessibility of
lutein (62.3%), resisted degradation by gastric acid and pepsin, and allowed for targeted
release in the small intestine [126]. The presence of chlorogenic acid contributes to the
improved physicochemical stability of the system.

6.3. Intestinal Co-Delivery of Phenols and Probiotics

Pathogens and harmful substances that are generated during digestion can disturb the
microbial balance, and thereby lead to disease. Probiotics have been shown to maintain host
health by regulating gut microbiota, modulating immune responses, and enhancing gut
barrier integrity [127,128]. Among these probiotics, Lactobacillus and Bifidobacterium are the
most frequently investigated general [129]. Although various single-strain probiotic deliv-
ery systems are available [130], Muhammad et al. [131] developed carboxymethylcellulose
hydrogels incorporating Lactobacillus plantarum along with inulin and soy protein isolate,
which significantly improved the storage stability and gastrointestinal viability of the
probiotics [131]. However, growing evidence supports the superior efficacy of co-delivery
systems that incorporate prebiotics or bioactive compounds, such as phenols [132,133].
These formulations leverage mutualistic interactions: probiotics enzymatically convert
phenols into more bioavailable forms, while phenols protect probiotics from hostile envi-
ronments in the upper gastrointestinal tract [17], enhancing their viability and fostering
a beneficial microbiome. The interaction between phenolic compounds and probiotics in
co-encapsulation systems are summarized in Figure 3. This synergistic relationship makes
co-encapsulation systems a promising approach for colon-targeted delivery, particularly in
the alleviation of gut dysbiosis and intestinal inflammation.

 
Figure 3. Schematic of the interaction between phenolic compounds and probiotics in co-
encapsulation systems. (A) Probiotics promote the dissociation of bound phenolics to produce
free phenolics. (B) Probiotics enhance the biotransformation of phenolic compounds. (C) Phenolic
compounds promote probiotic growth and have a synergistic effect. L. casei: Lactobacillus casei; L. swis-
sis: Lactobacillus swissis; L. plantarum: Lactobacillus plantarum; HMW phenol: high-molecular-weight
phenol; LMW phenol: low-molecular-weight phenol.
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6.3.1. Probiotics Promote Phenols Debonding to Enhance Bioactivity

Probiotics can enhance the functional potential of dietary phenols by mediating their
enzymatic release from conjugated forms. The rutinose-bound glycosides of flavonols and
flavanones are poorly absorbed in the intestine. Notably, Bifidobacterium can enzymatically
hydrolyze rutin through phenolic acid decarboxylase to release the active aglycone to
produce quercetin [134]. In addition, Lactobacillus acidophilus and L. plantarum produce
β-glucosidases that break down flavonoid conjugates, leading to the formation of free
phenols. This enzymatic release increases the bioavailability and enhances the health
benefits of natural phenols [135,136].

Proanthocyanidins must be released from their food matrix to exert biological effects,
a step facilitated by microbial metabolism. Holkema et al. co-encapsulated Bifidobac-
terium animalis with cinnamon extract rich in proanthocyanidins using microencapsulation
technology [137]. This approach significantly improved the microbial survival in acidic
environments and preserved the antioxidant potential of the phenols. These benefits may
result from enzymatic activity of B. animalis, which enhances the release and bioavailability
of proanthocyanidins in the gut.

Some probiotics can release phenolic compounds from plant cell walls during fermen-
tation. They achieve this by producing specific hydrolytic enzymes such as β-glucosidase,
cinnamoyl esterase, phenolic acid decarboxylase, and chlorogenase [138]. As a result, the
levels of free phenolic compounds increase. Nelson et al. [38] conducted an experiment
using Lactobacillus casei and Lactobacillus swissis to ferment soybeans. The experiment
reached to two outcomes. First, it significantly increased the yield of chlorogenic acid.
Second, it enhanced the biological activity of chlorogenic acid. These improvements may
be attributed to the enzymatic activity of the probiotics, which promotes the release and
bioavailability of phenolic compounds during fermentation [38].

6.3.2. Probiotics Promote Phenols Bioconversion to Enhance Bioactivity

The high molecular weights of phenols limit their gastrointestinal absorption, re-
sulting in poor bioavailability. Probiotics can degrade larger compounds into smaller
phenolic acids through specific enzymes, enhancing their absorption and physiological
effects. For example, L. plantarum exhibits galloyl esterase, decarboxylase, and benzyl
alcohol dehydrogenase activities, enabling the stepwise metabolism of grape seed phenols
(e.g., proanthocyanidins) into gallic acid, pyrogallol, and catechol [139]. Similarly, Strepto-
coccus thermophilus and L. casei can convert procyanidins into novel derivatives, including
procyanidin isomers, m-coumaric acid, and p-coumaric acid, thereby increasing total an-
tioxidant capacity [35]. Moreover, in a dynamic gastrointestinal simulation, L. plantarum
facilitated the metabolism of grape phenols, significantly increasing the levels of benzoic
acid, gallic acid, syringic acid, and vanillic acid in the transverse and descending colon.

Pereira et al. demonstrated that orange juice enriched with microencapsulated Bi-
fidobacterium longum R0175 increased fecal phenolic acids, indicating probiotic-induced
transformation of flavanones into bioavailable metabolites (phenolic acids) [140]. Using
spray drying, Sharma et al. co-encapsulated L. casei with berry phenols, resulting in
72.6% encapsulation efficiency and 63.6% bioaccessibility, driven by probiotic-mediated
bioconversion [141].

Zhang et al. [142] constructed a microgel-based delivery platform incorporating a
natural phenol–metal framework derived from Mesona chinensis. The platform was used
to simultaneously deliver phenols and Akkermansia muciniphila [142]. The M. chinensis
polysaccharides stimulated SCFA production, jointly ameliorating acute liver injury via
the gut–liver axis. In addition, A. muciniphila catalyzed the bioconversion of phenols into
bioactive phenolic acids, enhancing antioxidant and anti-inflammatory effects. Notably,
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the phenols acted as selective nutrients for A. muciniphila, promoting its proliferation. This
dual-function microgel achieved targeted delivery of live A. muciniphila to the gut and
facilitated hepatic accumulation of phenols, restoring intestinal balance and mitigating
oxidative hepatic damage.

6.3.3. Phenols Enhance Probiotic Function

Phenols play a critical role in stabilizing probiotics, improving their survival in the
gastrointestinal tract, and promoting growth and metabolic function. L. case is noted for
its antihypertensive, antihyperglycemic effects, and its capacity to improve human lipid
metabolism [143]. However, its oral delivery is challenged by susceptibility to gastric
acid and bile, limiting intestinal colonization. To solve this problem, phenols are selected
for co-encapsulation based on their hydrophobic or hydrophilic properties. Ma et al.
reported that co-encapsulating hydrophobic phenols with hydrophilic L. casei improved the
gastrointestinal tolerance and storage stability of strain, and enables its successful release
in the intestine [144]. Gaudreau et al. [145] co-encapsulated L. paracasei ssp. paracasei with
green tea extract phenols in calcium alginate microspheres, resulting in enhanced probiotic
survival, improved encapsulation efficiency, and increased free radical scavenging capacity.
A pectin–whey protein complex further augmented the bioactivity of the encapsulated
compounds under simulated gastrointestinal conditions [145]. Cruz et al. [146] used spray
drying to co-encapsulate blackberry anthocyanins with L. acidophilus in gum arabic and
sodium alginate. The probiotic survival in gastrointestinal simulations was significantly
improved [146]. In another study, tannic acid and engineered Escherichia coli Nissle 1917
(EcN) were co-encapsulated using self-polymerizable aromatic disulfides and sodium
alginate. Tannic acid improved EcN’s resistance to oxidative and inflammatory stress,
and the colon-targeted delivery system alleviated DSS-induced colitis in mice by reducing
inflammation, repairing the gut barrier, and modulating microbiota composition [147].

In addition to co-encapsulating individual probiotics with phenols for therapy, re-
searchers have explored combining probiotic cross-feeding with phenol co-encapsulation
to combat colon cancer. Cross-feeding involves the exchange of metabolic products among
microbes to facilitate mutual growth and metabolism. For instance, Lactobacillus gasseri con-
verts complex carbohydrates into lactic acid, which Bifidobacterium bifidum uses to support
its growth. Benito et al. [148] designed a chitosan–alginate microcapsule encapsulating B. bi-
fidum, L. gasseri, and quercetin. In colon cancer-bearing mice, co-encapsulated B. bifidum and
L. gasseri reduced abnormal crypt foci and adenomas by 45% and 60%, respectively. Adding
quercetin further enhanced reductions to 57% and 80%. This demonstrates quercetin’s role
in significantly boosting the anticancer efficacy of probiotics [148,149].
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7. Conclusions and Future Perspectives

This review evaluates the influence of gastrointestinal physiological conditions on
phenol delivery and introduces suitable wall materials for site-specific release. To achieve
targeted release of phenols in the digestive tract, factors such as pH, digestive enzymes,
and gut microbiota should be fully considered in delivery system designing. Materials
such as chitosan, sodium alginate, and pectin have demonstrated potential in optimizing
delivery performance under these varying conditions. Simultaneously, the choice of wall
material also should be based on the water solubility of phenolic compounds. Phenolic
compounds with good water solubility are suitable for hydrogels and microemulsions,
while water-insoluble ones are more appropriate for nanoemulsions and liposomes. Co-
encapsulation of phenols with carotenoids or probiotics improves their stability, bioactivity,
and synergistic effects. These multi-component delivery platforms not only protect labile
compounds from degradation but also improve bioaccessibility through complementary
physicochemical properties and probiotic-mediated biotransformations. The integration of
probiotics promotes phenol debonding and bioconversion, enhancing phenolic bioavailabil-
ity, while phenols support probiotic survival and functionality in the harsh gastrointestinal
environment. Such reciprocal interactions highlight the potential of co-delivery systems for
targeted treatment of intestinal inflammation, oxidative stress, and related chronic diseases.

Moving forward, the development of advanced in vitro and simulated gastrointestinal
models that more accurately mimic human physiological and microbial conditions remains
essential. Moreover, optimizing the core-to-wall material ratio and clarifying its effect on the
release behavior and sustained delivery of phenolic compounds require further systematic
investigation. Notably, there is a significant lack of clinical trials addressing the release
profiles and therapeutic efficacy of these microencapsulation systems in humans, especially
considering inter-individual differences in digestion and metabolism. Future research
should focus on designing multifunctional delivery platforms that integrate targeted release,
protective encapsulation, and bioresponsive properties to bridge the gap between in vitro
and in vivo results. In terms of applications, these delivery systems hold promise as plant-
based dietary supplements in tablet or beverage forms aimed at alleviating conditions such
as colitis and hepatitis. Such advancements are critical to fully realizing the preventive and
therapeutic potential of phenolic compounds in managing chronic diseases.
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Abstract: Objectives: This study aimed to characterize the basic structure of sialylated
glycopeptide (SCP) from edible bird’s nest, and to explore the intervention effect and mech-
anism of SCP based on a mouse lung inflammation model induced by lipopolysaccharide
(LPS). Methods: C57BL/6 mice were randomly divided into the control group (CON),
model group (LPS), EBN group, SCP group, and SA group. Results: The results showed
that SCP had the typical structures of polypeptides and carbohydrates. SCP effectively
intervened in the lung inflammation response. The number of neutrophils (Neu) in BALF
decreased by 41.3%, the level of tumor necrosis factor-α (TNF-α) decreased by 36.4%, and
the W/D ratio of lung tissues decreased by 27.2%, effectively preventing pathological
changes in lung tissues. A total of 40 differential metabolites such as choline, linolenic acid,
and xanthine were screened between the SCP group and the LPS group. These differential
metabolites were mainly enriched in the metabolic pathways of glycerophospholipids,
alpha-linolenic acid, and purines. Conclusions: The research results support that SCP, as
the active substance of edible bird’s nest, can effectively improve lung inflammation, pro-
viding theoretical guidance for the development of functional edible bird’s nest products.

Keywords: edible bird’s nest; sialylated glycopeptide; lung inflammation; metabolomics

1. Introduction

Edible bird’s nest (EBN) is coagulated from the saliva secreted by several species of
swiftlets in the genus Aerodramus of the Apodidae family mixed with other substances. As
a traditional precious product with both medicinal and edible properties, it has a long
history of consumption in Asian regions, especially in China [1]. The main component of
EBN is primarily composed of macromolecular glycoproteins rich in sialic acid (SA), which
typically exist as terminal residues at the non-reducing ends of glycan chains in these gly-
coproteins [2]. The SA content in EBN, a pivotal component of its bioactive glycopeptides,
exhibits notable variability influenced by species origin, geographical provenance, and
nesting environment [3]. For example, Aerodramus fuciphagus nests contain 1.9-fold higher
conjugated SA (dry weight) than A. maximus nests, reflecting genetic differences in salivary
glycoprotein biosynthesis. House-farmed EBN from Malaysia exhibits 63% higher SA levels
than cave-nested counterparts, a disparity linked to environmental factors like dietary
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composition and microhabitat [4]. Regionally, Vietnamese EBN harbors elevated sialogly-
coprotein content (the primary molecular carriers of SA) compared to major producing
regions such as Malaysia [5]. These variations in SA abundance and glycan architecture are
critical determinants of glycopeptide structures, potentially influencing biological activities
like inflammation modulation [6]. Compared with the untreated EBN, the enzymatically
hydrolyzed EBN extract has higher biological activities such as anti-inflammatory, antioxi-
dant, and immunological activities [7]. Glycopeptides prepared from the extraction of many
natural foods, including Lycium barbarum and egg glycopeptides, have been demonstrated
to play anti-inflammatory and immune-promoting roles [8,9]. Notably, EBN has the efficacy
of moistening the lungs and nourishing yin in Chinese medicine. In existing studies, EBN
can treat respiratory diseases by inhibiting inflammation, regulating the immune system,
and maintaining oxidative balance [10,11]. Currently, research on the anti-inflammatory
activities of EBN mainly focuses on peptides, but the role of glycopeptides has not been
emphasized. Previous studies have proven that the sialylated glycopeptide (SCP) of the
EBN is the main active component in edible bird’s nest, and it can exert a neuroprotective
effect through the gut–brain axis [12]. However, currently, the efficacy of SCP in alleviating
lung inflammation remains unclear and requires further research.

Lung inflammation is an important pathological basis for many severe respiratory
diseases, which can significantly affect the metabolic homeostasis of the body and weaken
the body’s functions. Its pathogenesis is extremely complex, involving multiple aspects
including immune response, oxidative stress, cell apoptosis, and microbial infection [13].
When the lungs are invaded by pathogens or other harmful stimuli, the immune system is
activated, triggering an inflammatory response, which subsequently leads to phenomena
such as immune disorders, tissue damage, and metabolic abnormalities [14]. Currently,
although traditional clinical intervention methods such as glucocorticoids and antibiotics
can alleviate symptoms, long-term use is likely to trigger drug resistance and side effects.
In recent years, extensive attention has been paid to searching for food-derived components
with anti-inflammatory properties from the diet. A variety of food-derived glycoprotein
complexes have been proven to possess anti-inflammatory effects [15]. Many natural
foods, such as Ganoderma lucidum, contain abundant bioactive components and have been
confirmed to be capable of intervening in lung inflammation [16]. Lipopolysaccharide
(LPS), which serves as a key constituent of the cell wall in Gram-negative bacteria, can
activate the immune system and trigger inflammatory reactions such as the massive release
of pro-inflammatory cytokines and all kinds of tissue damage [17]. Thus, LPS is commonly
used to induce lung injury [18,19].

Metabolomics has been extensively utilized to comprehensively investigate the pat-
terns of metabolic dynamic responses in organisms when they are under exogenous stimuli
or endogenous pathological changes [20]. It enables the precise identification and quantita-
tive investigation of the metabolic components of small molecules in biological samples [21].
Subsequently, the matching of metabolic pathways and the elucidation of molecular mech-
anisms can be achieved. Existing studies have proven that when pulmonary inflammation
exists in the organism, it will be accompanied by metabolic disorders. Therefore, inves-
tigating the metabolic changes in lung tissues helps understand the mechanism of lung
inflammation induced by LPS and evaluate the regulatory effect of SCP.

In this study, the structure of SCP was characterized by combining the chemical
composition and primary structure. A mouse model of lung inflammation was established
using lipopolysaccharide. The intervention effect of SCP on lipopolysaccharide-induced
lung inflammation in mice was evaluated from three aspects: the level of lung inflammation,
the pathological structure of lung tissues, and the metabolic level of lung tissues.
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2. Materials and Methods

2.1. Materials and Reagents

Edible bird’s nests horn (from Malaysia) was purchased from a local supermarket in
Wuxi. Sialic acid was purchased from Kesitan Biotechnology Co., Ltd. (Wuhan, China),
and Alcalase 2.4L (2.4 AU/g), Papain (800 U/mg) were purchased from Novozymes
(Bagsværd, Denmark). Beyoblue™ coomassie blue super fast staining solution, prestained
color protein molecular weight marker (10–170 kDa), SDS-PAGE protein loading buffer
(2×), periodic acid-Schiff staining kit, and BCA protein assay kit, protein precast gel
(4–20%, 15 Wells) were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China).
Ethanol, NaHSO4, o-phenylenediamine hydrochloride (OPA), glucose, phenol, sulfuric
acid, etc., were all purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). TNF-α, IL-1β, and IL-6 commercial kits were purchased from Xiamen Hui Jia
Biotechnology Co., Ltd. (Xiamen, China). Acetone was procured from Zhejiang Hannuo
Chemical Technology Co., Ltd. (Jinhua, China).

2.2. Experimental Animals

Forty 7-week-old male C57BL/6J mice (specific pathogen-free [SPF] grade) were
obtained from Jiangsu GemPharmatech Co., Ltd. (Nanjing, China). The experimental
procedures were approved by the Laboratory Animal Welfare and Ethics Committee of
Jiangnan University (approval number: JN.No20230415c0800705[145]).

2.3. Preparation of Sialylated Glycopeptides (SCP) from EBN

The sequential enzymatic hydrolysis of EBN horn was performed using Alcalase
2.4 L followed by papain under optimized conditions. The first-step hydrolysis with
Alcalase 2.4 L was conducted at 60 ◦C and pH 8.5 for 12 h with an enzyme–substrate ratio
of 6000 U/g. Subsequently, papain hydrolysis was performed at 50 ◦C and pH 7.0 for
2 h using an increased enzyme-substrate ratio of 10,000 U/g. Enzyme inactivation was
achieved through thermal denaturation (95 ◦C, 10 min). Finally, purification was achieved
through our laboratory’s established method [12]. After being frozen at −80 ◦C for 12 h,
the extracted SCP powder was obtained by a lyophilizer (SCIENTZ-10N, SCIENTZ Biotech
Co., Ltd. (Ningbo, China)).

2.4. Structural Characterization of SCP
2.4.1. Neutral Sugar and SA Content Quantification

The content of neutral sugars was measured via the phenol-sulfuric acid approach. To
SCP samples, 1 mL of 5% phenol solution was added, followed by the rapid addition of
5 mL of concentrated sulfuric acid. After thorough mixing, the mixture was incubated in a
water bath at 37 ◦C for 30 min. Subsequently, the absorbance was measured at 490 nm using
a Microplate Reader 96 (EPOCH1, Bio Tek Instruments, Inc., Winooski, VT, USA). Glucose
(anhydrous, dried to constant weight in an oven) was used as the standard reference [22].

SA content was determined by liquid chromatography (LC-20AT, Shimadzu, Kyoto,
Japan). SCP sample (50 mg) was hydrolyzed with 5 mL 0.5 M NaHSO4 at 80 ◦C for 30 min,
after which, derivatization was performed with 5 mL 10 g/L OPA (in 0.25 M NaHSO4)
at 80 ◦C for 40 min. After filtration through the 0.22 μm filters, the solution was diluted
to 25 mL and stored in the dark. In the HPLC analysis, the EF-C18Bio column (Galaksil,
Rugao City, China) was applied at 30 ◦C. The mobile phase, acetonitrile–water (5:95, v/v),
flowed at a 1.0 mL/min rate. Detection was performed at 230 nm with a 20 μL injection
volume [12].
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2.4.2. Amino Acid Composition Analysis

Approximately 100 mg of solid powder was hydrolyzed with 8 mL 6 M HCl under
N2 at 120 ◦C for 22–24 h. After neutralization with 10 M NaOH and dilution to 25 mL, the
sample was filtered and centrifuged (10,000 rpm, 10 min). For tryptophan, 8 mL 5 M NaOH
was used for initial hydrolysis, followed by neutralization with 6.7 mL 6 M NaOH. In the
HPLC analysis (Agilent, Santa Clara, CA, USA), the ODS column (Agilent Hypersil, Santa
Clara, CA, USA) was employed with gradient elution using mobile phases A (27.6 mmol/L
sodium acetate-triethylamine-THF, 500:0.11:2.5, v/v/v, pH 7.2) and B (80.9 mmol/L sodium
acetate-methanol-acetonitrile, 1:2:2, v/v/v, pH 7.2), 0–17 min (8–50% B), 17–20.1 min
(50–100% B), 20.1–24 min (100–0% B). The flow rate was 1.0 mL/min at 40 ◦C, with UV
detection at 338 nm. Quantification was via external calibration.

2.4.3. Molecular Weight Distribution Determination

SCP sample was vortexed with loading buffer (1:1, v/v), heat-denatured (100 ◦C,
3 min) and then centrifuged (8000 rpm, 3 min) to pellet aggregates. The molecular weight
of SCP was determined through a discontinuous SDS-PAGE system (5% stacking/10% re-
solving gel) under reducing conditions, with a sample loading volume of 10 μL. Coomassie
Brilliant Blue was used to stain protein, and Periodic acid-Schiff (PAS) reagent was used
for glycan [23].

2.4.4. FTIR Spectral Analysis

ATR-FTIR spectroscopy (Thermo Fisher Scientific, Waltham, MA, USA) was employed
to analyze secondary structures. Lyophilized SCP samples were directly placed on the ATR
crystal and scanned over 4000–650 cm−1 with 32 scans at 4 cm−1 resolution [24].

2.5. Animal Grouping and Biological Sample Collection

Mice were kept at Jiangnan University’s Laboratory Animal Centre (SYXK-(Su)-2021-
0056) in a barrier environment. They experienced a 12 h light/dark cycle. The temperature
ranged from 20 to 26 ◦C, and humidity was 40–70% under the artificial 12 h light/dark
regime. Forty mice were first individually tagged with unique ear tags (numbered 1–40),
and a random sequence was derived from a random number table. Mice were then assigned
to five experimental groups (n = 8) based on this sequence. Mice were acclimated for
1 week in a standard environment with free access to food and water before the experiment.
During the experiment, stress responses were monitored by observing behavioral status,
such as activity level, food intake, and body weight changes. Procedures were performed
gently to avoid unnecessary stress. The control group (CON) and LPS model group
(LPS) were given 0.2 mL of saline by oral gavage daily, while the EBN group (EBN) was
administered 200 mg/kg/d EBN homogenate (dry weight basis), the SCP group (SCP)
received glycopeptides equivalent to EBN’s sialic acid content, and the SA group was given
an equimolar free sialic acid solution for 7 consecutive weeks. During the last week, all
groups except CON were intraperitoneally injected with LPS (500 μg/kg/d) for 7 days.
After the last LPS injection, the mice were fasted overnight. Following weighing, they were
anesthetized by isoflurane inhalation. Subsequently, the mice were euthanized via cervical
dislocation and immediately dissected. After sacrificing the mice, the bronchoalveolar
lavage fluid (BALF) and lung tissue were collected (see Figure 1).
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Figure 1. Animal grouping and intervention scheme.

BALF collection: Mice were euthanized, and limbs were secured with pins. The chest
cavity and tracheal skin were incised, and the right lung was gently ligated with silk thread.
After exposing the trachea, blunt forceps were used to puncture it, followed by the insertion
of a tracheal cannula. Once stabilized, 0.5 mL of PBS buffer was injected via a syringe, held
for 15–30 s, and then aspirated into a 1.5 mL microcentrifuge tube. This procedure was
repeated three times.

Lung tissue homogenization: Frozen lung tissue was thawed and homogenized in
PBS buffer (1:100, m/v). After mincing, 2–3 zirconia beads were added, and the tissue was
disrupted using a tissue homogenizer (Jingxin Industrial, Dongguan City, China) at 70 Hz
for 90 s (2–3 cycles). Then, it was centrifuged (4 ◦C, 4000 rpm, 20 min), and the supernatant
was collected for biochemical assays.

2.6. Lung Inflammatory Markers

BALF was used to conduct cell count using an automatic hematology analyzer (BC-
5000 Vet, Mindray Bio-Medical Electronics Co., Ltd., Dongguan City, China), including
white blood cells (WBC), monocytes (Mon), neutrophils (Neu), eosinophils (Eos), basophils
(Bas), and lymphocytes (Lym). Lung tissues were used to determine TNF-α, IL-1β, and
IL-6 levels by ELISA kits (Xiamen Huijia Biotech, Xiamen, China, OD450 nm).

2.7. Lung Histopathology

Lung tissue was rinsed with PBS buffer, followed by blotting to remove surface
moisture. The wet weight of the tissue was then measured. Subsequently, the tissue was
dried at 80 ◦C for 48 h until a constant weight was achieved (dry weight). The wet/dry
weight (W/D) ratio of the lung tissue was calculated accordingly [25].

Fresh lung tissues were fixed by immersion in 4% paraformaldehyde for 24 h. After
fixation, the tissues underwent gradient ethanol dehydration, xylene clearing, paraffin
embedding, and tissue sectioning. Subsequently, the sections were deparaffinized, rehy-
drated, and stained with hematoxylin solution for 10 min. Differentiation was performed
using 1% hydrochloric acid-alcohol for 30 s, followed by rinsing with tap water and bluing
with ammonia water. After rinsing again, the sections were stained with eosin for 3 min.
Following dehydration, clearing, and mounting, the pathological changes in lung tissues
from each group were observed under an optical microscope.
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2.8. Lung Metabolomics

Lung tissue metabolomic profiling was performed according to the established LC-
MS/MS protocol [26]. Chromatographic raw data were processed through Compound
Discoverer 3.3 (Thermo Fisher Scientific) for baseline correction, peak alignment, and
feature extraction. Subsequent analytical workflows included quantitative analysis of
peak areas coupled with molecular formula prediction, with spectral matching conducted
against the mzCloud, mzVault, and MassList databases, supplemented by a proprietary
compound library (Shanghai Senschip Biotech, Shanghai, China).

2.9. Statistical Analysis

Data were presented as the mean ± standard deviation (SD). For data that conformed
to a normal distribution, statistical analyses were performed as follows: For datasets with
three or more groups, one-way analysis of variance (ANOVA) was conducted, followed
by post-hoc pairwise comparisons using the Least Significant Difference (LSD) test and
Duncan’s multiple range test. For two-group comparisons, a t-test was applied. When the
data did not meet the assumptions of parametric tests, the non-parametric Kruskal–Wallis
(KW) rank sum test was utilized. A significance level of p < 0.05 was set to determine
statistical differences among groups. Multivariate statistical analyses were carried out
using MetaboAnalyst 6.0 and SIMCA 13.0 software.

3. Results

3.1. Chemical Composition Analysis of SCP

The sialic acid (SA) content in EBN was determined to be 10.25 ± 0.14%, with neutral
sugars accounting for 11.84 ± 0.28%. In contrast, an increase in SA content (11.06 ± 0.22%)
and a concomitant rise in neutral sugar levels (13.52 ± 0.35%) were observed in SCP
(Figure 2). These results indicated an enriched glycan proportion in SCP compared to
native EBN.

Figure 2. Neutral sugar contents and sialic acid contents of EBN and SCP.

An analysis of 18 amino acids in SCP was performed (Table 1). The top five amino
acids by abundance in SCP were proline (Pro), aspartic acid (Asp) or asparagine (Asn),
glutamic acid (Glu) or glutamine (Gln), valine (Val), and leucine (Leu). Additionally, SCP
was rich in nine essential amino acids (with histidine (His) being essential for infants),
which accounted for 42.22 ± 0.02% of the total amino acid content. The combined con-
tent of Asp or Asn, threonine (Thr), and serine (Ser) represented 23.34 ± 0.08% of the
total amino acid content, suggesting the potential presence of glycosylation modifications
in SCP.
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Table 1. Amino acids distribution of SCP.

Amino Acids
Percentage

Composition (%)
Amino Acids

Percentage
Composition (%)

Asp 9.97 ± 0.04 Glu 8.25 ± 0.04
Cys 0.90 ± 0.02 Val * 8.03 ± 0.03
Ser 7.05 ± 0.02 Met * 1.07 ± 0.01

His * 3.56 ± 0.06 Phe * 6.89 ± 0.02
Gly 4.40 ± 0.00 Ile * 3.40 ± 0.01

Thr * 6.32 ± 0.02 Leu * 7.62 ± 0.01
Arg 7.14 ± 0.01 Lys * 4.13 ± 0.02
Ala 3.44 ± 0.01 Pro 10.39 ± 0.06
Tyr 6.23 ± 0.03 Trp * 1.22 ± 0.02

Aspartic acid (Asp), glutamic acid (Glu), cysteine (Cys), valine (Val), werine (Ser), methionine (Met), histidine
(His), phenylalanine (Phe), glycine (Gly), isoleucine (Ile), threonine (Thr), leucine (Leu), arginine (Arg), lysine
(Lys), alanine (Ala), proline (Pro), tyrosine (Tyr), tryptophan (Trp), * essential amino acids.

3.2. Primary Structure Analysis of SCP

FT-IR spectra of EBN and SCP revealed significant differences (Figure 3A). In EBN,
a broad peak at 3600–3000 cm−1 was attributed to hydroxyl (−OH) stretching vibra-
tions of polysaccharides [27]. Absorption bands at 1695–1630 cm−1 (amide I, C=O
stretching) and 1560–1500 cm−1 (amide II, N-H bending) confirmed the presence of pro-
teins/polypeptides [28,29]. For SCP, enhanced absorption bands at 1401 cm−1 (−COO−
symmetric stretching), and 1066 cm−1 (C-O), coupled with a carbohydrate-specific
peak at 1085–1050 cm−1, demonstrated its glycopeptide nature [29]. Vibrations in the
1440–1395 cm−1 region likely corresponded to carboxyl groups from sialic acid (SA) and
alduronic acids, consistent with characteristic glycopeptide spectral profiles. These results
further supported the glycopeptide structure of SCP.

The molecular weight profiles were analyzed by SDS-PAGE (Figure 3B,C). EBN pro-
teins’ molecular weight was mainly between 70–170 kDa (69%). Following enzymatic
hydrolysis, the proportion of this range was reduced to 13%, with a concurrent increase
in the 25–70 kDa fraction to 48% and the emergence of low molecular weight fragments
(10–25 kDa, 38%), confirming effective protein size reduction. PAS staining (Figure 3D,E)
revealed that glycans uniformly occupied the 70–170 kDa range. Post-enzymatic treatment,
this proportion decreased to 47%, while the 25–70 kDa fraction increased to 53%. Notably,
glycans were not degraded below 25 kDa, suggesting covalent stabilization between glycan
and protein backbones.

3.3. SCP Alleviated the Changes of LPS-Induced Lung Inflammation Levels

The counts of inflammatory cells in bronchoalveolar lavage fluid (BALF) among
different experimental groups were determined (Figure 4A–D). LPS induction resulted in a
statistically significant increase (p < 0.01) in the counts of neutrophils (Neu), white blood
cells (WBC), eosinophils (Eos), and monocytes (Mon), suggesting that LPS successfully
induced inflammatory cell disorder in BALF. Compared with the LPS group, intervention
groups involving EBN, SCP, and SA were observed to significantly decrease the number
of Mon in the BALF (p < 0.01). Furthermore, a significant reduction in the number of Neu
within the BALF was also noted following interventions with EBN (p < 0.05), SCP (p < 0.01),
and SA (p < 0.01). Specifically, under SCP intervention, the numbers of Neu in the BALF
were reduced by 41.3%. It was indicated that EBN, SCP, and SA effectively modulated the
aggregation of inflammatory cells within the BALF of mice induced by LPS. Among these
interventions, SCP exhibited the most significant inhibitory effect on Neu recruitment.
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Figure 3. FT-IR spectral and molecular weight distribution of EBN and SCP. (A) The Fourier infrared
spectra analysis of EBN and SCP. (B) Electrophoresis of EBN and SCP stained with carmine blue.
(C) Relative molecular weight distribution of EBN and SCP under carmine blue staining. (D) Elec-
trophoresis of EBN and SCP under PAS staining. (E) Relative molecular weight distribution of EBN
and SCP under PAS staining. M: Marker, a: EBN, b: SCP.

Important pro-inflammatory cytokines in lung tissues of all groups, such as TNF-α, IL-
1β, and IL-6, were determined (Figure 4E–G). Compared with the CON group, the levels of
TNF-α (p < 0.01), IL-1β (p < 0.01), and IL-6 (p < 0.05) in the lung tissues of mice significantly
increased after LPS induction. It was indicated that the intraperitoneal injection of LPS
successfully induced inflammation in the lung tissues of mice. After the intervention of
EBN, SCP, and SA, the levels of IL-1β and IL-6 in the lung tissues of mice were significantly
decreased compared with those in the LPS group. Notably, compared with the LPS group,
the level of TNF-α in the lung tissues decreased by 36.4% after the intervention of SCP,
which was 3.6 times and 3.2 times the reduction ratios of EBN and SA intervention groups,
respectively. It was suggested that the intervention groups of EBN, SCP, and SA all had a
certain regulatory effect on the increase in the levels of pro-inflammatory cytokines. Among
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them, the intervention of SCP had the most significant effect on improving the level of
TNF-α in the lung tissues.

Figure 4. Changes in lung inflammation levels of mice in each group. (A–D) Counts of inflammatory
cells (Neu, WBC, EOS, and Mon) in the BALF of mice in each group. (E–G) Levels of pro-inflammatory
cytokines (TNF-α, IL-1β, and IL-6) in the lung tissue of mice in each group. n = 8; results are presented
as mean ± SD. # p < 0.05, ## p < 0.01 vs. CON group, * p < 0.05, ** p < 0.01 vs. LPS group.

3.4. SCP Alleviated the Changes of LPS-Induced Lung Tissue Pathological Structures

To evaluate the protective effect of SCP against lung tissue injury induced by LPS,
the wet-to-dry (W/D) weight ratio of lung tissues was measured (Figure 5A). Compared
with the CON group, a significant increase in the W/D ratio was detected in the LPS group
(p < 0.01), suggesting that an edema phenomenon might occur in the lung tissue. All
intervention groups (EBN, SCP, and SA) mitigated this increase (p < 0.05). Notably, the
SCP group showed the most remarkable improvement, with a 27.2% decrease in the W/D
weight ratio.

Hematoxylin and Eosin (H&E) staining of lung tissues in each group further revealed
structural alterations of the lung tissues (Figure 5B). The CON group exhibited intact
alveolar architecture, orderly arranged epithelial cells, and no edema [30]. In contrast, the
LPS group displayed collapsed alveoli, thickened alveolar walls, and increased interstitial
exudation. Intervention groups (EBN, SCP, and SA) showed varying degrees of mitigation
in tissue damage. Notably, the SCP group demonstrated near-normal alveolar structure
with reduced inflammatory cell infiltration. All changes in the pathological structure
of the lung tissues revealed that the intraperitoneal injection of LPS successfully led to
pathological changes in the structure of the lung tissues. Compared with the LPS group, the
lung tissue structures of the intervention groups of EBN, SCP, and SA all showed certain
improvements. In addition, the lung tissue structure of the SCP intervention group was the
closest to that of the CON group.
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Figure 5. Changes in lung tissue pathological structures of mice in each group. (A) The ratio of W/D
weight in the lung tissue of mice in each group. (B) H&E staining in the lung tissue of mice in each
group (200×). n = 8; results are presented as mean ± SD. ## p < 0.01 vs. CON group, * p < 0.05,
** p < 0.01 vs. LPS group.

3.5. SCP Alleviated the Change of LPS-Induced Lung Tissue Metabolic Levels
3.5.1. Analysis of the Metabolic Profiles

After preprocessing the data and imputing the missing values, 417 chromatographic
peaks were detected in the positive ion mode, and 358 were found in the negative ion mode.
To assess the variations in the metabolic profiles, principal component analysis (PCA) and
orthogonal partial least squares-discriminant analysis (OPLS-DA) models were built. In the
PCA score plots (Figure 6A,C), the metabolic profile of the LPS group showed a significant
divergence along the first principal component (PC1, x-axis), which verified the successful
establishment of the inflammation model 30. Along the second principal component (PC2,
y-axis), the groups treated with EBN, SCP, and SA presented distinct metabolic changes
compared to the LPS group. Significantly, the SCP group was clustered nearest to the CON
group, suggesting its excellent ability to restore metabolic homeostasis. The OPLS-DA
model further effectively amplified the differences among the groups (Figure 6B,D).

3.5.2. Screening of Differential Metabolites

In the metabolomics analysis, the screening of differential metabolites is usually based
on the variable importance in the projection (VIP) values obtained from the OPLS-DA
model. VIP describes the overall contribution of each variable to the model, as well as the p
values obtained from the t-test. A threshold of p < 0.05 and VIP > 1 was set to screen out
the differential metabolites with statistical significance. The differential metabolites among
groups under the positive and negative ion modes were screened respectively (Figure 7).
A total of 35 differential metabolites were identified under the positive ion mode, and 45
differential metabolites were identified under the negative ion mode. Compared with the
CON group, a total of 39 metabolites in the LPS group showed significant changes in their
contents (p < 0.05). Among them, the contents of 25 metabolites such as L-glutamic acid,
xanthine, uric acid, and PC (14:0/18:0) in the LPS group increased significantly, while the
contents of 14 metabolites such as glycerophosphocholine, pyrophosphate, o-toluidine, and
GPEtn (16:0/18:1) decreased significantly. This indicated that LPS may cause metabolic
disorders in the lung tissues of mice by interfering with these 39 metabolites. Compared
with the LPS group, a total of 40 metabolites in the SCP intervention group showed
significant changes in their contents (p < 0.05). Among them, the contents of 28 metabolites
such as linolenic acid, choline, LPC (18:1), and indoline in the SCP intervention group
increased significantly, while the contents of 12 metabolites such as glycerophosphocholine,
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xanthine, inosine, and LysoPC (18:1(11Z)/0:0) decreased significantly. This suggested
that SCP may regulate the inflammation of the lung tissues in mice induced by LPS by
interfering with these 40 metabolites.

Figure 6. Pattern recognition analysis in positive and negative ion modes. (A,C) PCA diagram
of positive ion mode and negative ion mode. (B,D) OPLS-DA diagram of positive ion mode and
negative ion mode.

Figure 7. Clustering heat map of the expression of differential metabolites under positive and
negative ion modes in the lung tissue of mice in each group. (A) Cluster heat map of differential
metabolites in positive ion mode. (B) Cluster heat map of differential metabolites under negative ion
mode.

3.5.3. Metabolic Pathway Analysis of Differential Metabolites

Differential metabolites were mapped to the KEGG database to identify metabolic
pathways with p < 0.05 and Impact > 0 (Figure 8). Compared to the CON group, the
LPS group showed significant enrichment in glycerophospholipid metabolism, purine
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metabolism, glyoxylate, and dicarboxylate metabolism. Compared to the LPS group, the
pathways enriched in EBN were glycerophospholipid metabolism and alpha-linolenic
acid metabolism, the pathways enriched in SCP were glycerophospholipid metabolism,
purine metabolism, and alpha-linolenic acid metabolism, and the pathways enriched in SA
were glycerophospholipid metabolism, alpha-linolenic acid, and linoleic acid metabolism.
Notably, the SCP group shared more overlapping pathways with the LPS group, suggesting
its superior regulatory capacity at the metabolic pathway level.

 

Figure 8. Heat map of differential metabolite expression in positive and negative ion modes in the
lung tissue of mice in each group. (A–D) Differential metabolic pathways between the LPS and CON
groups, the EBN and LPS groups, the SCP and LPS groups, and the SA and LPS groups. 1: glyc-
erophospholipid metabolism, 2: purine metabolism, 3: glyoxylate and dicarboxylate metabolism,
4: alpha-linolenic acid metabolism, 5: linoleic acid metabolism.

4. Discussion

EBN proteins and carbohydrates are predominantly present as high-molecular-weight
mucoproteins in the form of sialylated glycoproteins, which are characterized by low
solubility and resistance to digestion [31]. In this study, EBN was digested using a two-step
enzymatic hydrolysis protocol with Alcalase 2.4 L and papain. The contents of sialic acid
(SA) and neutral sugars in SCP were both slightly higher than those in EBN, indicating
that the optimization of the enzymatic hydrolysis process is conducive to the dissolution of
neutral sugars and sialic acid [32]. Amino acids are the basic building blocks of proteins and
polypeptides, and their composition and proportion are important factors influencing the
physicochemical properties, biological activities, and other aspects of glycopeptides [33].
In this study, the contents of nine essential amino acids in SCP were abundant, according
to the nutritional standards of essential amino acids recommended by the FAO/WHO.
SCP has the potential to be an excellent choice for supplementing essential amino acids.
Studies have shown that Asn is the main site where the sugar chain is linked to the protein
during the N-glycosylation process, and Thr and Ser are the main sites where the sugar
chain is linked to the protein during the O-glycosylation process [34]. The abundant
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contents of these three amino acids in SCP indicated that there may be certain glycosylation
modifications in SCP.

It was revealed by electrophoretic analysis that glycoproteins retained high molecular
weights due to the tight conjugation of glycan and protein. After hydrolysis, the molecular
weights of glycoproteins were reduced, and non-glycan-conjugated proteins were further
degraded into smaller peptides [22]. This observation suggested that peptide bonds in gly-
coproteins were selectively targeted by enzymatic cleavage; low-molecular-weight peptides
were released while glycan chains covalently bound to residual peptide fragments were
preserved. The resistance of glycan-peptide conjugated to enzymatic degradation implies
that the cleavage sites of Alcalase 2.4 L and papain are likely to be distant from glycosyla-
tion sites in EBN glycoproteins. Thus, the integrity of the glycan was maintained during
hydrolysis. Furthermore, SCP displayed typical peptide and carbohydrate features, with
spectral profiles resembling those of quinoa and Stichopus japonicus glycopeptides [35,36].
Compared to EBN, enhanced 1401 cm−1 (−COO− symmetric stretching) and 1066 cm−1

(carbohydrate C-O) absorptions in SCP likely reflected increased SA and total carbohy-
drate content post-purification, confirming successful enrichment of glycan-rich moieties
consistent with its sialylated glycopeptide identity.

The findings based on the C57BL/6 mouse model shared fundamental biological
similarities with those based on human lung inflammation in LPS-induced mechanisms,
and the experimental methods were universally used in the field, supporting the results’
reference value for similar inflammatory mechanism studies. LPS induced significantly
elevated lung pro-inflammatory cytokine levels (TNF-α, IL-1β, and IL-6) and inflammatory
cell counts (Neu, WBC, Eos, and Mon) in BALF, confirming the induction of lung inflamma-
tion. Increased inflammatory cell infiltration can reflect the immune system’s response to
inflammatory stimuli, with cell counts as direct indicators of inflammatory severity [37,38].
In our study, all intervention groups significantly attenuated these inflammatory markers,
with the SCP group demonstrating superior efficacy compared to EBN and SA groups,
suggesting SCP as the primary bioactive component in EBN. In addition, the W/D ratio
of lung issues, a key indicator of lung edema, was markedly increased in the LPS group,
indicative of fluid accumulation in alveolar and interstitial spaces [39]. This observation
was corroborated by histopathological analysis, which revealed alveolar structural damage,
interstitial exudation, and neutrophil infiltration in the LPS group. Intervention groups
alleviated lung tissue injury, with SCP exhibiting the most pronounced restorative effects.
These findings align with prior studies showing that glycoprotein-bound SA exhibits
enhanced anti-inflammatory activity compared to free SA [40].

Metabolomic profiling was conducted to elucidate SCP-mediated regulatory mech-
anisms on LPS-induced metabolic perturbations in the lung [41]. PCA and OPLS-DA
demonstrated distinct metabolic profile alterations in the LPS group, with a clear separa-
tion between LPS and intervention groups, indicating metabolic homeostasis restoration.
KEGG pathway enrichment analysis revealed that SCP primarily modulated glycerophos-
pholipid, purine, and alpha-linolenic acid metabolism.

Glycerophospholipids, essential components of cellular membranes, are critically
involved in membrane stability and functionality [42]. This study’s glycerophospholipid-
related metabolites accounted for the highest proportion of differential metabolites. More-
over, choline and lysophosphatidylcholines (LysoPCs) have been identified as biomark-
ers associated with lipid metabolism-related chronic lung diseases [43]. Choline, a key
precursor for phosphatidylcholine synthesis, is integral to membrane integrity. Under
LPS-induced lung inflammation, elevated choline levels in the LPS group may reflect com-
pensatory mechanisms to enhance choline synthesis or uptake for membrane repair [44].
Notably, SCP intervention increased choline content, suggesting that SCP may indirectly
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modulate choline metabolism by promoting synthesis or suppressing catabolism to support
membrane homeostasis.

Purine metabolism dysregulation has been implicated in pulmonary injury and in-
flammation [45]. Xanthine, a key intermediate in purine metabolism, exacerbates oxidative
stress and inflammatory responses when excessively accumulated. This study observed
elevated xanthine levels in the LPS group, which may be attributable to the LPS-induced
disruption of purine metabolic pathways, including enzymatic activation promoting xan-
thine synthesis [46]. Concurrently, LPS-mediated renal impairment increases uric acid
production [47]. Following SCP intervention, xanthine levels were significantly reduced,
suggesting the restoration of purine metabolism toward uric acid conversion. However,
elevated uric acid levels persisted, potentially due to impaired renal clearance capacity.
These findings indicate that SCP can alleviate LPS-induced lung inflammation partially
through xanthine level modulation.

Alpha-linolenic acid, an essential fatty acid critical for maintaining physiological
homeostasis, exhibits anti-inflammatory and antioxidant properties [48]. This study sig-
nificantly reduced alpha-linolenic acid levels in the LPS group, likely due to its extensive
consumption to counteract LPS-induced inflammatory responses [49]. Notably, alpha-
linolenic acid levels were restored in the SCP intervention group. This restoration may be
attributed to the SCP-mediated modulation of metabolic enzyme activity, which reduced
inflammatory cell-driven alpha-linolenic acid depletion. These findings suggested that the
anti-inflammatory effects of SCP against LPS-induced lung inflammation were mediated
through the upregulation of endogenous alpha-linolenic acid levels.

5. Conclusions

In this study, SCP extracted from EBN exhibited typical structures of polypeptides and
carbohydrates. EBN, SCP, and SA exerted effects on the level of pulmonary inflammation,
the pathological structure of lung tissues, and the metabolic level of lung tissues, effectively
improving the LPS-induced pulmonary inflammatory state in mice. Specifically, after SCP
intervention, the number of Neu in BALF, the level of TNF-α in lung tissues, and the W/D
ratio of lung tissues were significantly reduced. Moreover, the morphology of mouse lung
tissues after SCP intervention was most similar to that of the CON group. SCP rectified
the metabolic profiles of mice with pulmonary inflammation, regulated the expression
of differential metabolites in lung tissues, such as choline, linolenic acid, and xanthine,
and promoted the restoration of glycerophospholipid metabolism, alpha-linolenic acid
metabolism, and purine metabolism pathways. However, the mechanism of action of SCP
in vivo is complex and requires further investigation.

Author Contributions: Conceptualization, X.C. and D.W.; methodology, S.Q. and Q.L.; investiga-
tion, Q.L. and C.Z.; data curation, Q.L. and C.Z.; writing—original draft preparation, Q.L. and
G.F.; writing—review and editing, N.Q., S.Q., M.Y., X.C. and D.W.; visualization, S.Q., M.Y. and
D.W.; supervision, X.C. and D.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Experimental
Animal Welfare and Ethics Review Committee of Jiangnan University (JN.No20230415c0800705[145],
approval date: 15 April 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

117



Nutrients 2025, 17, 1745

Conflicts of Interest: Hebei Edible Bird’s Nest Fresh Stew Technology Innovation Center focuses
on technological research and development in the field of instant bird’s nest fresh stewing and is
responsible for the transformation and application of related technologies in the Beijing Xiaoxiandun
Biotechnology Co., Ltd. (Beijing, China). Jiangnan University has carried out collaborative research
with the Hebei Edible Bird’s Nest Instant Fresh Stew Technology Innovation Center, and the relevant
work has been advanced based on the independent research plans of the cooperative laboratory and
the technical service needs of the industry. The authors solemnly declare that there are no conflicts of
interest involved. The research work described in this manuscript was carried out in strict accordance
with scientific principles and ethical standards. All the authors have fulfilled their responsibilities in
an unbiased manner, ensuring that the presented research findings are reliable and free from any
undue influence.

References

1. Wang, M.; Qing, Y.; Fan, Q.; Li, S.; Yan, T.; Amakye, W.K.; Xu, Y.; Liu, X.; Ren, J. Identification of the Wound Healing Activity
Peptidome of Edible Bird’s Nest Protein Hydrolysate and the In Silico Evaluation of Its Transport and Absorption Potential in
Skin. J. Agric. Food Chem. 2024, 72, 12529–12540. [CrossRef]

2. Dai, Y.; Cao, J.; Wang, Y.; Chen, Y.; Jiang, L. A comprehensive review of edible bird’s nest. Food Res. Int. 2021, 140, 109875.
[CrossRef]

3. Ling, J.W.A.; Chang, L.S.; Babji, A.S.; Latip, J.; Koketsu, M.; Lim, S.J. Review of sialic acid’s biochemistry, sources, extraction and
functions with special reference to edible bird’s nest. Food Chem. 2022, 367, 130755. [CrossRef]

4. Quek, M.C.; Chin, N.L.; Yusof, Y.A.; Law, C.L.; Tan, S.W. Characterization of edible bird’s nest of different production, species
and geographical origins using nutritional composition, physicochemical properties and antioxidant activities. Food Res. Int.
2018, 109, 35–43. [CrossRef] [PubMed]

5. Careena, S.; Sani, D.; Tan, S.N.; Lim, C.W.; Hassan, S.; Norhafizah, M.; Kirby, B.P.; Ideris, A.; Stanslas, J.; Bin Basri, H.; et al. Effect
of Edible Bird’s Nest Extract on Lipopolysaccharide-Induced Impairment of Learning and Memory in Wistar Rats. Evid.-Based
Complement. Altern. Med. 2018, 2018, 9318789. [CrossRef] [PubMed]

6. Rashed, A.A.; Ahmad, H.; Abdul Khalid, S.K.; Rathi, D.-N.G. The Potential Use of Sialic Acid from Edible Bird’s Nest to Attenuate
Mitochondria Dysfunction by In Vitro Study. Front. Pharmacol. 2021, 12, 633303. [CrossRef]

7. Ling, J.W.A.; Chang, L.S.; Babji, A.S.; Lim, S.J. Recovery of value-added glycopeptides from edible bird’s nest (EBN) co-products:
Enzymatic hydrolysis, physicochemical characteristics and bioactivity. J. Sci. Food Agric. 2020, 100, 4714–4722. [CrossRef]
[PubMed]

8. Ou, Y.; Ma, J.H.; Tang, S.; Yu, Z.; Liu, S. Lycium barbarum Glycopeptide alleviated retinal inflammation via NF-κB/MAPK
pathways in microglial cells. Investig. Ophthalmol. Vis. Sci. 2024, 65, 205.

9. He, H.; Wang, J.; Gong, P.; Xiao, Y.; Li, S.; Wang, J.; Geng, F. Structural identification and immunomodulatory effects of chicken
egg white glycopeptides. LWT 2024, 200, 116195. [CrossRef]

10. Zeng, H.; Jian, Y.; Xie, Y.; Fan, Q.; Chang, Q.; Zheng, B.; Zhang, Y. Edible bird’s nest inhibits the inflammation and regulates the
immunological balance of lung injury mice by SO2. Food Front. 2022, 3, 773–784. [CrossRef]

11. Ma, F.; Liu, D. Sketch of the edible bird’s nest and its important bioactivities. Food Res. Int. 2012, 48, 559–567. [CrossRef]
12. Cheng, X.R.; Zhang, C.X.; Zhao, X.Y.; Li, Q.S.; Song, Y.; Zhang, L.; Ma, J.H.; Chen, Y.Y.; Yuan, M.; Wang, D.L. Prophylactic effects

of sialylated glycopeptides from edible bird’s nest on neuroinflammation in lipopolysaccharide-treated mice via the gut-brain
axis. Food Sci. Hum. Wellness 2024. [CrossRef]

13. Ahmad, S.; Zhang, X.L.; Ahmad, A. Epigenetic regulation of pulmonary inflammation. Semin. Cell Dev. Biol. 2024, 154, 346–354.
[CrossRef] [PubMed]

14. Pervizaj-Oruqaj, L.; Ferrero, M.R.; Matt, U.; Herold, S. The guardians of pulmonary harmony: Alveolar macrophages orchestrating
the symphony of lung inflammation and tissue homeostasis. Eur. Respir. Rev. 2024, 33, 230263. [CrossRef]

15. Zhong, Y.; Zhu, J.; Zhu, B.; Yin, H.; Wang, D.; Deng, Y.; Zhang, M.; Zhang, C. Recent advances in the structure and immunomodu-
latory activity of food-derived glycoprotein complex. J. Future Foods 2025, 5, 542–550. [CrossRef]

16. Xie, Y.K.; Pan, X.Y.; Liang, X.R.; Zhai, K.F.; Yu, Q. Research progress on structural characterization and bioactivities of Poria cocos
and Ganoderma polysaccharides. Food Med. Homol. 2025, 2, 9420040. [CrossRef]

17. Fan, Y.; Wang, W.; Wang, X.; Yu, L.; Wei, Y.; Wei, L.; Xie, X.; Li, X. Ganoderma lucidum polysaccharide inhibits LPS-induced
inflammatory injury to mammary epithelial cells. J. Future Foods 2023, 3, 49–54. [CrossRef]

18. Ye, J.; Guan, M.; Lu, Y.; Zhang, D.; Li, C.; Zhou, C. Arbutin attenuates LPS-induced lung injury via Sirt1/Nrf2/NF-κBp65 pathway.
Pulm. Pharmacol. Ther. 2019, 54, 53–59. [CrossRef]

118



Nutrients 2025, 17, 1745

19. Gao, Z.; Liu, X.; Wang, W.; Yang, Q.; Dong, Y.; Xu, N.; Zhang, C.; Song, X.; Ren, Z.; Zhao, F.; et al. Characteristic anti-
inflammatory and antioxidative effects of enzymatic- and acidic- hydrolysed mycelium polysaccharides by Oudemansiella radicata
on LPS-induced lung injury. Carbohydr. Polym. 2019, 204, 142–151. [CrossRef]

20. Wang, S.; Tan, S.; Beng, H.; Liu, F.; Huang, J.; Kuai, Y.; Zhang, R.; Tan, W. Protective effect of isosteviol sodium against LPS-
induced multiple organ injury by regulating of glycerophospholipid metabolism and reducing macrophage-driven inflammation.
Pharmacol. Res. 2021, 172, 105781. [CrossRef]

21. Wang, X.; Zhang, K.; Zhang, J.; Xu, G.; Guo, Z.; Lu, X.; Liang, C.; Gu, X.; Huang, L.; Liu, S.; et al. Cordyceps militaris solid
medium extract alleviates lipopolysaccharide-induced acute lung injury via regulating gut microbiota and metabolism. Front.
Immunol. 2025, 15, 1528222. [CrossRef] [PubMed]

22. Hui Yan, T.; Mun, S.L.; Lee, J.L.; Lim, S.J.; Daud, N.A.; Babji, A.S.; Sarbini, S.R. Bioactive sialylated-mucin (SiaMuc) glycopeptide
produced from enzymatic hydrolysis of edible swiftlet’s nest (ESN): Degree of hydrolysis, nutritional bioavailability, and
physicochemical characteristics. Int. J. Food Prop. 2022, 25, 252–277. [CrossRef]

23. Doerner, K.C.; White, B.A. Detection of glycoproteins separated by nondenaturing polyacrylamide gel electrophoresis using the
periodic acid-Schiff stain. Anal. Biochem. 1990, 187, 147–150. [CrossRef]

24. Martins, M.S.; Nascimento, M.H.; Barbosa, L.L.; Campos, L.C.G.; Singh, M.N.; Martin, F.L.; Romão, W.; Filgueiras, P.R.; Barauna,
V.G. Detection and quantification using ATR-FTIR spectroscopy of whey protein concentrate adulteration with wheat flour. LWT
2022, 172, 114161. [CrossRef]

25. Chen, X.; Yang, X.; Liu, T.; Guan, M.; Feng, X.; Dong, W.; Chu, X.; Liu, J.; Tian, X.; Ci, X.; et al. Kaempferol regulates MAPKs
and NF-κB signaling pathways to attenuate LPS-induced acute lung injury in mice. Int. Immunopharmacol. 2012, 14, 209–216.
[CrossRef]

26. Cheng, X.R.; Guan, L.J.; Muskat, M.N.; Cao, C.C.; Guan, B. Effects of Ejiao peptide–iron chelates on intestinal inflammation and
gut microbiota in iron deficiency anemic mice. Food Funct. 2021, 12, 10887–10902. [CrossRef]

27. Hong, T.; Yin, J.Y.; Nie, S.P.; Xie, M.Y. Applications of infrared spectroscopy in polysaccharide structural analysis: Progress,
challenge and perspective. Food Chem: X 2021, 12, 100168. [CrossRef] [PubMed]

28. Mistry, B. A Handbook of Spectroscopic Data CHEMISTRY (UV, JR, PMR, JJCNMR and Mass Spectroscopy); Oxford Book Company
Jaipur: Jaipur, India, 2009; pp. 39–42.

29. Mohamad Ibrahim, R.; Mohamad Nasir, N.N.; Abu Bakar, M.Z.; Mahmud, R.; Ab Razak, N.A. The Authentication and Grading
of Edible Bird’s Nest by Metabolite, Nutritional, and Mineral Profiling. Foods 2021, 10, 1574. [CrossRef]

30. Liu, H.; Wang, J.; Zhao, J.; Gu, S.; Chen, S.; Jia, W.; Huang, S.; Wu, J. Potentilla anserina L. polysaccharide ameliorates LPS-induced
acute lung injury and relevant intestinal mucosal barrier impairment. Int. J. Biol. Macromol. 2025, 305, 140667. [CrossRef]

31. Zhang, S.; Lai, X.; Liu, X.; Li, Y.; Li, B.; Huang, X.; Zhang, Q.; Chen, W.; Lin, L.; Yang, G. Competitive Enzyme-Linked Immunoassay
for Sialoglycoprotein of Edible Bird’s Nest in Food and Cosmetics. J. Agric. Food Chem. 2012, 60, 3580–3585. [CrossRef]

32. Sriwilaijaroen, N.; Hanamatsu, H.; Yokota, I.; Nishikaze, T.; Ijichi, T.; Takahashi, T.; Sakoda, Y.; Furukawa, J.-I.; Suzuki, Y. Edible
bird’s nest: N- and O-glycan analysis and synergistic anti-avian influenza virus activity with neuraminidase inhibitors. Antivir.
Res. 2024, 232, 106040. [CrossRef] [PubMed]

33. Bourgoin-Voillard, S.; Goron, A.; Seve, M.; Moinard, C. Regulation of the proteome by amino acids. Proteomics 2016, 16, 831–846.
[CrossRef] [PubMed]

34. Shim, E.K.S.; Chandra, G.F.; Lee, S.-Y. Thermal analysis methods for the rapid identification and authentication of swiftlet
(Aerodramus fuciphagus) edible bird’s nest—A mucin glycoprotein. Food Res. Int. 2017, 95, 9–18. [CrossRef] [PubMed]

35. Yu, Y.; Shi, Y. Investigation the interaction between quinoa glycopeptides and polyphenol: Spectroscopic analyses and antioxidant
activities. J. Food Meas. Charact. 2023, 17, 5594–5605. [CrossRef]

36. Sun, N.; Cui, P.; Lin, S.; Yu, C.; Tang, Y.; Wei, Y.; Xiong, Y.; Wu, H. Characterization of sea cucumber (Stichopus japonicus) ovum
hydrolysates: Calcium chelation, solubility and absorption into intestinal epithelial cells. J. Sci. Food Agric. 2017, 97, 4604–4611.
[CrossRef]

37. Medzhitov, R. The spectrum of inflammatory responses. Science 2021, 374, 1070–1075. [CrossRef]
38. Ning, E.-J.; Sun, C.-W.; Wang, X.-F.; Chen, L.; Li, F.-F.; Zhang, L.-X.; Wang, L.-P.; Ma, Y.-N.; Zhu, J.; Li, X.; et al. Artemisia argyi

polysaccharide alleviates intestinal inflammation and intestinal flora dysbiosis in lipopolysaccharide-treated mice. Food Med.
Homol. 2024, 1, 9420008. [CrossRef]

39. Bezerra, F.S.; Lanzetti, M.; Nesi, R.T.; Nagato, A.C.; Silva, C.P.E.; Kennedy-Feitosa, E.; Melo, A.C.; Cattani-Cavalieri, I.; Porto, L.C.;
Valenca, S.S. Oxidative Stress and Inflammation in Acute and Chronic Lung Injuries. Antioxidants 2023, 12, 548. [CrossRef]

40. Qian, N.; Zhang, C.-X.; Fang, G.-D.; Qiu, S.; Song, Y.; Yuan, M.; Wang, D.-L.; Cheng, X.-R. Interventional Effects of Edible Bird’s
Nest and Free Sialic Acids on LPS-Induced Brain Inflammation in Mice. Nutrients 2025, 17, 531. [CrossRef]

41. Pang, H.; Hu, Z. Metabolomics in drug research and development: The recent advances in technologies and applications. Acta
Pharm. Sin. B 2023, 13, 3238–3251. [CrossRef]

119



Nutrients 2025, 17, 1745

42. Sarkar, C.; Lipinski, M.M. Glycerophospholipid dysregulation after traumatic brain injury. Neurochem. Int. 2024, 175, 105701.
[CrossRef] [PubMed]

43. Nambiar, S.; Bong How, S.; Gummer, J.; Trengove, R.; Moodley, Y. Metabolomics in chronic lung diseases. Respirology 2020, 25,
139–148. [CrossRef] [PubMed]

44. Gong, X.; Guo, C.; Huang, S.; Sun, B. Inhaled nitric oxide alleviates hyperoxia suppressed phosphatidylcholine synthesis in
endotoxin-induced injury in mature rat lungs. Respir. Res. 2006, 7, 5. [CrossRef] [PubMed]

45. Li, J.; Hu, Y.; Liu, L.; Wang, Q.; Zeng, J.; Chen, C. PM2.5 exposure perturbs lung microbiome and its metabolic profile in mice. Sci.
Total Environ. 2020, 721, 137432. [CrossRef]

46. Hassoun, P.M.; Yu, F.-S.; Cote, C.G.; Zulueta, J.J.; Sawhney, R.; Skinner, K.A.; Skinner, H.B.; Parks, D.A.; Lanzillo, J.J. Upregulation
of Xanthine Oxidase by Lipopolysaccharide, Interleukin-1, and Hypoxia. Am. J. Respir. Crit. Care Med. 1998, 158, 299–305.
[CrossRef] [PubMed]

47. Zhang, W.; Qi, R.; Li, T.; Zhang, X.; Shi, Y.; Xu, M.; Zhu, T. Kidney Organoids as a Novel Platform to Evaluate Lipopolysaccharide-
Induced Oxidative Stress and Apoptosis in Acute Kidney Injury. Front. Med. 2021, 8, 766073. [CrossRef]

48. Yuan, Q.; Xie, F.; Huang, W.; Hu, M.; Yan, Q.; Chen, Z.; Zheng, Y.; Liu, L. The review of alpha-linolenic acid: Sources, metabolism,
and pharmacology. Phytother. Res. 2022, 36, 164–188. [CrossRef]

49. Zhu, X.; Wang, B.; Zhang, X.; Chen, X.; Zhu, J.; Zou, Y.; Li, J. Alpha-linolenic acid protects against lipopolysaccharide-induced
acute lung injury through anti-inflammatory and anti-oxidative pathways. Microb. Pathog. 2020, 142, 104077. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

120



Article

Coix Seed Oil Alleviates Hyperuricemia in Mice by Ameliorating
Oxidative Stress and Intestinal Microbial Composition

Guozhen Wu 1,2,†, Xinming Wang 3,†, Hongjing Dong 1, Jinqian Yu 1, Tao Li 1,* and Xiao Wang 4,*

1 Shandong Engineering Research Center for Innovation and Application of General Technology for Separation
of Natural Products, Shandong Analysis and Test Center, Qilu University of Technology (Shandong Academy
of Sciences), Jinan 250014, China

2 School of Pharmaceutical Sciences, Shandong University of Traditional Chinese Medicine, Jinan 250355, China
3 Institute of Chinese Materia Medica Chemistry, Shandong Academy of Chinese Medicine, Jinan 250014, China
4 Key Laboratory for Natural Active Pharmaceutical Constituents Research in Universities of Shandong

Province, School of Pharmaceutical Sciences, Qilu University of Technology (Shandong Academy of Sciences),
Jinan 250014, China

* Correspondence: litaosd@qlu.edu.cn (T.L.); wangx@sdas.org (X.W.); Tel.: +86-531-82964889 (X.W.)
† These authors contributed equally to this work.

Abstract: Background: Coix seed oil (YRO), rich in unsaturated fatty acids, has emerged as
a promising intervention for hyperuricemia (HUA) due to its potential to alleviate oxida-
tive damage and support organ health. Methods: The fatty acid composition of YRO was
determined by gas chromatography–mass spectrometry (GC-MS). A HUA mouse model
was established, and serum markers and hepatic enzymes were evaluated. Renal mito-
chondrial function was assessed using immunohistochemistry and immunofluorescence,
and urate transporter expression, along with key signaling proteins, was quantified by
Western blot analysis. Additionally, gut microbiota composition was analyzed, and non-
targeted metabolomics was performed to observe alterations in serum lipid metabolites.
Results: YRO significantly reduced serum uric acid (UA) levels and normalized hepatic
enzyme activities. Histological evaluation revealed less tissue damage in both the kidney
and the intestine. In the kidney, YRO improved mitochondrial function and supported
antioxidant defenses via regulation of Keap1/Nrf2 signaling. In the intestine, YRO en-
hanced barrier integrity by increasing ZO-1, Occludin, and Claudin-1 expression. Moreover,
YRO modulated gut microbiota by increasing beneficial bacteria (Muribaculaceae, Prevotel-
laceae UCG-001, Lachnospiraceae_ NK4A136_group, Akkermansia) while suppressing harmful
species (Bacteroides, Dubosiella). Lipid metabolomics indicated a restoration of phospholipid
balance through modulation of the PI3K/AKT/mTOR pathway. Conclusions: YRO sup-
ported metabolic health by promoting UA homeostasis, enhancing mitochondrial function,
reinforcing antioxidant capacity, and maintaining gut integrity. These findings suggest
that coix seed oil could serve as a nutritional supplement in managing HUA and related
metabolic disturbances.

Keywords: coix seed oil; hyperuricemia; oxidative stress; gut microbiota; lipid metabolism

1. Introduction

Hyperuricemia (HUA) is a common metabolic disorder marked by elevated serum
uric acid (UA) levels [1]. It results from excessive UA production or impaired renal and
intestinal excretion [2]. Recent studies indicate that HUA is the second most prevalent
metabolic disorder after diabetes, raising significant public health concerns [3]. Persistent
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UA accumulation leads to oxidative stress, inflammation, and organ dysfunction, contribut-
ing to gout, renal dysfunction, and metabolic syndrome [4,5]. As diet plays a crucial role
in UA metabolism, exploring food-based approaches for HUA management has gained
increasing attention.

Coix seed (Coix lacryma-jobi L.), known as Yi Yiren in Chinese, has long been incor-
porated into daily diets in East Asia for its nutritional and functional properties [6]. It is
rich in bioactive compounds and has been consumed for centuries as a traditional dietary
supplement with potential health benefits. Emerging evidence indicated that coix seed
might contribute to UA regulation, yet its key bioactive components and precise mecha-
nisms remain unclear [7]. Coix seed oil, a major component of coix seed, is particularly
rich in unsaturated fatty acids (UFAs), which are known to support oxidative balance
and organ protection [8,9]. Furthermore, recent studies demonstrated that functional oils
could significantly modulate gut microbiota composition and metabolic pathways, influ-
encing immune responses and physiological homeostasis [10,11]. Given these properties,
coix seed oil holds promise for the development of functional food products targeting
HUA management.

The kidney is the primary organ responsible for UA excretion and exhibits high
metabolic activity with a dense mitochondrial network [12]. Excessive UA accumulation
disrupts mitochondrial homeostasis, leading to elevated reactive oxygen species production,
which further exacerbates cellular damage [13]. The Keap1/Nrf2 pathway serves as a
defense system by activating antioxidant enzymes such as HO-1 and NQO-1, protecting
cells from UA-induced oxidative injury [14,15]. When renal UA excretion is impaired,
compensatory mechanisms enhance the elimination of intestinal UA [16]. However, this
process often disrupts gut microbiota composition and reduces short-chain fatty acids
(SCFAs) production, further affecting UA metabolism [17,18]. Importantly, UA homeostasis
is intricately intertwined with broader metabolic networks. Recent studies highlighted its
close linkage to lipid metabolism [19]. For instance, abnormal glycerophospholipid levels
not only impair renal tubular function but also interfere with UA transport mechanisms,
potentially exacerbating systemic metabolic dysregulation [20].

This study investigates the mechanisms of YRO in HUA management by analyzing
renal and intestinal tissues, gut microbiota, and lipid metabolites. It aims to establish
a foundation for future research on YRO as a functional food ingredient with potential
applications in metabolic health.

2. Materials and Methods

2.1. Materials and Reagents

Coix seeds were purchased from BWT Chinese Herbal Medicine Drinks Slice Co., Ltd.
(Jinan, China). Potassium oxonate (PO) was obtained from Shanghai Macklin Biochemical
Technology Co., Ltd. (Shanghai, China). Hypoxanthine (HX) and sodium carboxymethyl
cellulose (CMC) were supplied by Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). Detailed information on antibodies used in this study was provided in Table S1.

2.2. Extraction, Esterification, and GC-MS Analysis of Fatty Acids from YRO

YRO was extracted and esterified according to previously established methods with
modifications [21,22]. Briefly, dried coix seeds were ground into powders and subjected
to ultrasonic-assisted extraction using petroleum ether as the solvent. The extraction
was performed twice at room temperature, with each cycle lasting 2 h. The combined
extracts were filtered and concentrated under reduced pressure to obtain YRO. For methyl
esterification, the YRO was treated with a sulfuric acid-methanol solution (2:98, v/v) and
heated in a 70 ◦C water bath for 60 min. After cooling, the reaction mixture was extracted
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with n-hexane to isolate the esterified compounds. The n-hexane layer was dried over
anhydrous sodium sulfate, followed by filtration through a 0.45 μm membrane to yield the
methyl-esterified YRO sample.

The composition of the fatty acid methyl esters was analyzed by gas chromatography-
mass spectrometry (GC-MS) on a Shimadzu QP2020NX system (Kyoto, Japan) equipped
with a quadrupole mass spectrometer and a DB5 column (30 m × 0.25 mm, 0.25 μm). The
initial column temperature was set at 50 ◦C for 2 min, then increased at a rate of 6 ◦C/min
to 250 ◦C, where it was held for 15 min. Helium was used as the carrier gas, with the
injector temperature maintained at 250 ◦C and a split ratio of 1:30.

2.3. Animal Model and Experimental Design

All animal experiments were conducted following the ethical guidelines approved by
the Animal Care and Ethics Committee at the Shandong Academy of Chinese Medicine
(approval number: SDZYY20230621002, approval on 25 May 2023). Male Kunming mice
(25–28 g) were procured from Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice were housed under controlled environmental conditions (12 h light/dark
cycle, temperature 23 ± 2 ◦C, relative humidity 50 ± 10%) with free access to standard
chow and ultrapure water. According to previous reports [23], as shown in Figure 1A,
thirty-six Kunming mice were randomly assigned to six groups (n = 6 per group) using
a randomized complete block design: control group (CON), HUA model group (MOD),
allopurinol-treated group (APL; 5 mg/kg), and three YRO-treated groups (100, 200, and
400 mg/kg) [24]. Except for the CON group, all mice received 300 mg/kg PO (oral) and
300 mg/kg HX (intraperitoneal injection) daily for 21 consecutive days to induce HUA.
One hour after the model induction, treatment groups received the corresponding doses of
YRO or allopurinol by oral gavage once daily. At the end of the 21-day experimental period,
mice were fasted for 12 h before sample collection. Blood, liver, kidney, and intestinal
samples were collected for subsequent analysis.

2.4. Biochemical and Oxidative Stress Measurements

The levels of serum UA, blood urea nitrogen (BUN), and creatinine (CR) were mea-
sured by commercial assay kits (Jiancheng Biotechnology Institute, Nanjing, China). Hep-
atic xanthine oxidase (XOD) and adenosine deaminase (ADA) activities were also analyzed.
Serum lipid parameters, including triglycerides (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C), were
quantified. Furthermore, the concentrations of renal oxidative indicators, including super-
oxide dismutase (SOD), malondialdehyde (MDA), and glutathione (GSH), were detected
using kits procured from Beyotime Biotechnology Co., Ltd. (Shanghai, China).

2.5. Western Blot Analysis

Western blot analysis was conducted according to the method described by Lin et al. [25].
Total proteins were extracted from the kidney and intestine tissues using RIPA lysis buffer
(Beyotime Biotechnology Co., Ltd., Shanghai, China). After quantification and denatura-
tion, proteins were separated by SDS-PAGE and transferred onto PVDF membranes. The
membranes were blocked and incubated overnight at 4 ◦C with specific primary antibodies.
This was followed by incubation with HRP-conjugated secondary antibodies. Protein bands
were visualized using the ECL imaging system and quantified with ImageJ software (version
1.53q, National Institutes of Health, Bethesda, MD, USA). β-Actin or GAPDH was used as the
internal loading control to normalize the target protein expression levels.
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Figure 1. YRO alleviated HUA by improving UA metabolism. (A) Experimental scheme of animal
procedures; (B) Changes in body weight during the experimental period; (C) Serum UA levels;
(D) Hepatic ADA and (E) XOD activities; (F) Western blot analysis of renal urate transporters.
Quantified protein expression levels of (G) OAT1, (H) ABCG2, (I) GLUT9, and (J) URAT1. Data are
expressed as means ± SD (n = 6 mice/group). ## p < 0.01 vs. CON group; * p < 0.05, ** p < 0.01 vs.
MOD group.

2.6. Histology, Immunohistochemistry (IHC), and Immunofluorescence (IF) Analysis

Kidney and intestinal tissues were fixed in 4% paraformaldehyde, embedded in paraffin,
and sectioned into 4 μm slices. For morphological evaluation, hematoxylin and eosin (H&E)
was performed. Masson’s trichrome staining was used for fibrosis quantification.

IHC analysis was performed to detect the expression of 8-OHdG, PINK1, and Parkin.
Following deparaffinization, rehydration, and antigen retrieval in citrate buffer (pH 6.0),
sections were blocked with 3% bovine serum albumin (BSA) and incubated overnight at
4 ◦C with primary antibodies. After incubation with HRP-conjugated secondary antibod-
ies, staining was visualized using 3,3′-diaminobenzidine (DAB) and counterstained with
hematoxylin [26]. IF staining was used to assess the expression of Mfn2 and FIS1. After
antigen retrieval and blocking with 5% BSA, sections were incubated overnight at 4 ◦C with
primary antibodies. This was followed by incubation with fluorescently labeled secondary
antibodies and counterstaining with DAPI [27]. All stained sections were scanned using a
digital slide scanner (KF-PRO-020, Kfbio, Ningbo, China), and quantitative analysis was
performed using ImageJ software.
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2.7. Microbial Community Composition and SCFAs Analysis

Six fecal samples were collected from each of the CON, MOD, and YRO-H groups
one day before sacrifice to assess bacterial community composition. Genomic DNA was
extracted using the E.Z.N.A.® DNA LQ Kit (Omega Bio-tek, Norcross, GA, USA). The
V3-V4 region of the 16S rRNA gene was amplified with primers 338 F and 806R. DNA li-
braries were constructed using the NEXTFLEX Rapid DNA-Seq Kit (PerkinElmer, Waltham,
MA, USA). Sequencing was performed on the Illumina PE300 platform (Illumina Inc.,
San Diego, CA, USA). Alpha diversity indices, including Coverage, Chao1, ACE, Sobs,
Shannon, and Simpson, were calculated to evaluate microbial richness and diversity. Beta
diversity was assessed using principal coordinate analysis (PCoA).

For SCFA analysis, fecal samples were extracted with 80% methanol. Derivatization
was performed by adding 200 mM 3-nitrophenylhydrazine hydrochloride (3NPH·HCl) and
120 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC·HCl). The
supernatants were analyzed using LC-MS/MS on an ExionLCTM AD system coupled with
a QTRAP® 6500+ mass spectrometer (Sciex, Framingham, MA, USA). The SCFAs, including
acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid,
were quantified.

2.8. Lipid Metabolomics Analysis of Serum

Serum samples were centrifuged, and the supernatant was collected for lipid extrac-
tion. Lipids were extracted using methyl tert-butyl ether/methanol (3/1, v/v) solution
containing an internal standard (1000 μL). The lipid extract was then reconstituted in ace-
tonitrile/isopropanol (1/1, v/v) and centrifuged again. The final supernatant was collected
for UPLC-MS/MS analysis, following a modified protocol [28]. Lipid profiling was per-
formed using a SCIEX ExionLC™ AD UPLC-QTRAR system (SCIEX, Framingham, MA,
USA) equipped with the Thermo Accucore™ C30 column (2.1 × 100 mm, 2.6 μm; Thermo
Fisher Scientific, Waltham, MA, USA). The mobile phases consisted of 60% acetonitrile in
water (A) and 10% acetonitrile in isopropanol (B), both supplemented with 0.1% formic acid
and 10 mM ammonium formate. The gradient elution program was as follows: 0 min 20% B,
2 min 30% B, 4 min 60% B, 9 min 85% B, and 14 min 90% B with a flow rate of 0.35 mL/min.
Mass spectrometry detection was conducted in high-resolution mode with an electrospray
ionization (ESI) source. The source temperature was set at 500 ◦C, with ionization voltages of
5.5 kV in positive mode and 4.5 kV in negative mode.

2.9. Statistical Analysis

Statistical analysis and data visualization were performed using GraphPad Prism 8.0
(San Diego, CA, USA). Data are presented as mean ± standard deviation (SD). One-way
ANOVA followed by Tukey’s post hoc test was used for comparisons among multiple
groups, while comparisons between two groups were performed using independent-
sample t-tests. A p-value of less than 0.05 was considered statistically significant. Statistical
significance indicators are specified in the figure legends.

3. Results

3.1. Fatty Acid Composition of YRO

The fatty acid composition of YRO after methyl esterification is shown in Table S2 and
Figure S1. GC-MS analysis, using the area normalization method, identified the methyl
esters of 9-octadecenoic acid, 9,12-octadecadienoic acid (Z,Z), and hexadecanoic acid as the
primary components. These results indicated that YRO was predominantly composed of
unsaturated long-chain fatty acids, which account for 77.11% of the total fatty acids. The
most abundant components were oleic acid (42.63%) and linoleic acid (22.36%). Previous
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studies suggested that diets rich in UFAs could improve lipid metabolism [29], reduce
oxidative stress [30], and suppress inflammation [31]. These properties suggest that YRO
might offer therapeutic benefits for managing HUA.

3.2. YRO Modulated UA Metabolism in HUA Mice

The levels of serum UA in the MOD group (380.31 μmol/L) were significantly higher
than in the CON group (37.53 μmol/L) (p < 0.01), confirming the successful establishment
of the HUA model [32]. YRO treatment at doses of 100, 200, and 300 mg/kg/d reduced
serum UA levels in a dose-dependent manner to 102.12, 70.93, and 49.21 μmol/L, respec-
tively (Figure 1C). HUA led to a 63.80% and 45.03% increase in ADA and XOD activities,
respectively, compared with the CON group (p < 0.01). This significant upregulation
demonstrated enhanced catalytic efficiency in UA metabolism within the model group [33].
YRO significantly reduced the activities of ADA and XOD (p < 0.05), with the YRO-H
group showing decreases of 28.41% and 31.75%, respectively (Figure 1D,E). The expres-
sion of renal urate transporters was significantly altered in HUA mice (Figure 1F). The
protein expression levels of GLUT9 and URAT1 (urate reabsorption transporters) were ele-
vated, whereas the levels of OAT1 and ABCG2 (urate excretion transporters) were reduced
(p < 0.05). YRO normalized these transporters levels, showing similar effects to the APL
group. These findings indicated that YRO lowered the levels of serum UA partly by the
suppression of ADA and XOD activities and modulation of urate transporter expression.

3.3. YRO Attenuated HUA-Induced Renal Injury in HUA Mice

As shown in Figure 1B, body weight gain was significantly slower in the MOD group
(p < 0.05), while the YRO-treated groups showed no significant difference from the CON
group. The kidney-to-body weight ratio was significantly higher in the MOD group, in-
dicating renal impairment. YRO intervention significantly reduced this ratio (p < 0.01;
Figure 2A), implying improved kidney health. YRO intervention also significantly de-
creased the levels of CR and BUN (p < 0.05; Figure 2B,C), demonstrating its protective
effect on renal function. The histopathological analysis further confirmed these findings.
H&E staining revealed distinct pathological changes in the MOD group, including renal
tubular cavity dilation, glomerular atrophy, and inflammatory cell infiltration. YRO treat-
ment significantly alleviated these pathological changes (Figure 2E). Similarly, Masson’s
trichrome staining showed significant renal fibrosis in the MOD group (p < 0.05), which
was progressively reduced by YRO (Figure 2D,F). These results indicate that YRO mitigates
renal damage and fibrosis in HUA mice.

Figure 2. Cont.
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Figure 2. YRO mitigated renal injury in HUA mice. (A) Kidney organ coefficients; (B) BUN levels;
(C) CR levels; (D) Quantification of the fibrotic area in Masson staining; Morphological assessment
of kidney tissues by H&E (E) and Masson staining (F). Blue arrows, inflammatory cell infiltration;
green circles, tubular ectasia; black squares, necrotic tubular epithelial cells. Data are expressed as
means ± SD (n = 6 mice/group). ## p < 0.01 vs. CON group; ** p < 0.01 vs. MOD group.
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3.4. YRO Mitigated Oxidative Stress and Mitochondrial Dysfunction in HUA Mice

Excessive UA induces oxidative stress, leading to cellular and mitochondrial dam-
age [34]. In HUA mice, 8-OHdG levels were significantly elevated, indicating oxida-
tive DNA damage, but YRO treatment markedly reduced its accumulation (p < 0.05,
Figure 3A,B). Meanwhile, YRO supplementation reversed the elevation in MDA levels, and
restored SOD activity and GSH levels (Figure 3C–E), indicating its antioxidant potential.

Figure 3. YRO reduced oxidative stress in HUA mice. (A) IHC staining of 8-OHdG in renal tubules
(200×); (B) Quantitative analysis of 8-OHdG expression based on IHC results; (C–E) Levels of MDA,
SOD, and GSH, representing oxidative damage and antioxidant capacity. Data are expressed as
means ± SD (n = 6 mice/group). ## p < 0.01 vs. CON group; * p < 0.05, ** p < 0.01 vs. MOD group.

Given the mitochondrial-rich nature of renal tissues, we further investigated mitochon-
drial alterations in HUA mice [13]. IF analysis (Figure 4A,B) showed that the expression
of Mfn2 was significantly decreased, whereas FIS1 expression was significantly increased
in the MOD group (p < 0.01). YRO administration upregulated Mfn2 and downregulated
FIS1 (p < 0.05), restoring mitochondrial fusion-fission balance. IHC analysis revealed that
the levels of PINK1 and Parkin were significantly reduced in MOD kidneys (p < 0.01),
indicating impaired mitophagy. YRO treatment upregulated PINK1 and Parkin, promoting
mitochondrial quality control (Figure 4C,D).

To further elucidate the role of YRO in oxidative defense, the expression of key
regulators in the Keap1/Nrf2 signaling pathway was examined, as it plays a critical role
in maintaining redox balance [35]. Western blot analysis showed that Keap1 expression
was significantly increased while Nrf2 levels were markedly suppressed in HUA mice
(p < 0.01), impairing the antioxidant response. YRO intervention downregulated Keap1 and
upregulated Nrf2, leading to the activation of NQO-1 and HO-1, two major antioxidant
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enzymes (Figure 4E). These findings indicated that YRO enhanced mitochondrial function
and antioxidant defenses by modulating the Keap1/Nrf2 pathway.

Figure 4. YRO improved mitochondrial function and modulated the oxidative stress pathway in
HUA mice. IF staining and fluorescence intensity analysis of (A) Mfn2 and (B) FIS1; IHC staining and
quantification analysis of (C) PINK1 and (D) Parkin; (E) Western blot analysis and protein expression of
Keap1, Nrf2, NQO-1, and HO-1. Data are expressed as means ± SD (n = 6 mice/group). ## p < 0.01 vs.
CON group; * p < 0.05, ** p < 0.01 vs. MOD group.
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3.5. YRO Enhances Intestinal Barrier Integrity in HUA Mice

The intestinal barrier is critical for UA homeostasis by regulating UA excretion and
gut permeability [36]. H&E staining showed significant structural changes in the MOD
group (Figure 5A). These changes included reduced villus height, disorganized villus
structure, and thinning of the muscle layer. Meanwhile, HUA induction led to tight
junction proteins (ZO-1, Occludin, and Claudin-1) significant downregulation (p < 0.05;
Figure 5C), suggesting compromised barrier integrity. The YRO intervention improved the
intestinal structure and restored the expression of tight junction protein. Further analysis
of intestinal UA transporters showed increased GLUT9 and ABCG2 expression in the YRO
group compared with the MOD group (Figure 5B). These changes indicated that YRO
promoted intestinal UA excretion, contributing to UA homeostasis.

Figure 5. YRO relieved intestinal dysfunction and damage in HUA mice. (A) H&E staining of
intestine (100×); (B) Western blot and quantification analysis of GLUT9 and ABCG2; (C) Western blot
and quantification analysis of intestine tight protein, including ZO-1, Occludin, and Claudin-1. Data
are expressed as means ± SD (n = 6 mice/group). # p < 0.05, ## p < 0.01 vs. CON group; * p < 0.05,
** p < 0.01 vs. MOD group.

3.6. YRO Modulates Gut Microbiota Diversity and Composition in HUA Mice

To investigate the gut microbiota alterations, 16S rDNA sequencing was performed
on fecal samples. The coverage index was close to 1, indicating sufficient sequencing
depth. HUA mice exhibited significantly reduced microbial diversity and richness, as
indicated by lower Chao1, ACE, Shannon, Simpson, and Sobs indices (p < 0.05). YRO-
H treatment effectively reversed these declines, restoring gut microbiota diversity and
richness (Figure 6A–F). The number of operational taxonomic units (OTUs) was higher
in YRO-treated mice, with more overlapping OTUs between the YRO and CON groups
(Figure 6G). PCoA based on unweighted UniFrac analysis further confirmed that YRO
shifted microbial composition, with the YRO-H group clustering separately from the MOD
group (Figure 6H).
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Figure 6. YRO altered gut microbiota structure in HUA mice. α-diversity indices, including
(A) Coverage; (B) Choa1; (C) Ace; (D) Sobs; (E) Shannon; (F) Simpson; (G) Venn diagram of oper-
ational taxonomic units (OTUs); (H) PCoA analysis at the genus level. ## p < 0.01 vs. CON group;
** p < 0.01 vs. MOD group. Note: The total percentage of the pie chart is 100.01% due to rounding.

At the phylum level, Firmicutes and Bacteroidetes dominated all groups, followed
by Verrucomicrobia and Actinobacteria (Figure 7A). The MOD group exhibited a significant
decrease in the relative abundance of Bacteroidetes (40.57%) in comparison to the CON group
(61.06%; p < 0.05). On the contrary, the relative abundance of Firmicutes was markedly
increased in the MOD group (53.39%) compared with the CON group (29.44%). YRO-
H treatment partially restored these imbalances, adjusting Bacteroidetes to 52.19% and
Firmicutes to 42.78%. YRO-H also mitigated HUA-induced changes in Verrucomicrobia and
Actinobacteria, bringing their abundances closer to those in the CON group.

At the genus level, YRO-H treatment displayed significant alterations in key bacterial
genera (Figure 7B). Beneficial genera, including norank_f__Muribaculaceae, Akkermansia,
Lachnospiraceae_NK4A136_group, and Prevotellaceae_UCG-001 were significantly enriched
(p < 0.05). These genera are associated with gut health, SCFAs production, and inflammation
regulation. Furthermore, YRO-H reduced the abundance of Lactobacillus, Bacteroides, and
Dubosiella, which were elevated in the MOD group (p < 0.05). These findings demonstrate
that YRO-H effectively restored microbial diversity, rebalanced the dominant phylum, and
promoted the enrichment of beneficial bacterial genera.
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Figure 7. YRO modulated gut microbiota composition and SCFAs production in HUA mice. Microbial
community composition and the relative abundance of major gut microbiota (A) at the phylum level
and (B) at the genus level. (C) Concentrations of SCFAs. (D) Correlation analysis between gut bacteria
genera and HUA-related indicators. Data are expressed as means ± SD (n = 6 mice/group). # p < 0.05,
## p < 0.01 vs. CON group; * p < 0.05, ** p < 0.01 vs. MOD group. Correlation heatmap significance:
* p < 0.05, ** p < 0.01, *** p < 0.001.

3.7. YRO Enhanced SCFAs Production in HUA Mice

As shown in Figure 7C, the MOD group exhibited significantly lower SCFA levels, in-
cluding acetic acid, propionic acid, butyric acid, valeric acid, isobutyric acid, and isovaleric
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acid, compared with the CON group (p < 0.05). YRO-H treatment significantly elevated the
concentration of these SCFAs, bringing their levels closer to those observed in the CON
group (p < 0.05). This restoration demonstrated that YRO-H enhanced SCFAs production,
potentially improving gut microbial metabolism in HUA mice.

3.8. Correlation Between Intestinal Bacterial Abundances and HUA-Related Biomarkers

Spearman correlation analysis was conducted to explore associations between gut
microbiota and physiological indicators (Figure 7D). Beneficial bacteria, including no-
rank_f__Muribaculaceae, Akkermansia, Lachnospiraceae_NK4A136_group, and Prevotellaceae_UCG-
001, positively correlated with urate excretion transporters, antioxidant capacity, and mito-
chondrial function markers. These genera were also associated with intestinal barrier integrity,
reinforcing their role in gut health. In contrast, Bacteroides, Dubosiella, and Lactobacillus exhib-
ited negative correlations with these physiological markers. Their abundance was linked to
increased urate reabsorption, elevated oxidative stress, and compromised gut function. These
results indicated the vital role of gut microbiota in mediating the protective effects of YRO
against HUA.

3.9. YRO Attenuated Lipid Metabolism Disorders in HUA Mice
3.9.1. YRO Modulated Serum Lipid Profile in HUA Mice

Compared with the CON group, serum TC, TG, and LDL-C levels were significantly
elevated in the MOD group (p < 0.01; Figure 8A), while HDL-C levels were reduced. YRO
treatment significantly reversed these changes (p < 0.05), restoring lipid levels closer to
normal. In the analysis of serum lipid metabolism, principal component analysis (PCA)
demonstrated a clear separation between the MOD and YROH groups, with the YRO-H
cluster closer to the CON group (Figure 8B). Orthogonal partial least squares discriminant
analysis (OPLS-DA) further confirmed distinct metabolic profiles among the three groups
(Figure 8C,D), indicating that YROH intervention modulated serum lipid metabolism in
HUA mice.

Lipid metabolite alterations were identified using VIP > 1 and p < 0.05. The top
15 differentially abundant lipids were selected for both CON vs. MOD and YROH vs.
MOD comparisons (Figure 8E,F). Phosphatidylethanolamine (PE) and phosphatidylinos-
itol (PI) were the most significantly altered lipid classes in the MOD group, showing
marked increases compared to the CON group (Table S3). YROH treatment reversed these
changes, restoring PE and PI levels closer to normal (Figure 8G). Additionally, five spe-
cific lipid species were significantly altered in both comparisons, including PE (18:1_24:1),
PI (15:1_21:1), PI (18:0_18:1), PI (18:1_18:1), and PI (18:1_20:3). Their levels were ele-
vated in HUA mice but were restored by YRO treatment, suggesting a potential role in
lipid homeostasis.

3.9.2. KEGG Pathway Enrichment Analysis

KEGG enrichment analysis identified the key metabolic pathways between the MOD
and YROH groups (Figure 8H). YRO-H treatment significantly enriched pathways related
to lipid metabolism, particularly glycerophospholipid metabolism and α-linolenic acid
metabolism. Notably, choline metabolism in cancer exhibited the strongest enrichment
trend, reflecting its involvement in choline utilization and cellular metabolic regulation.

3.9.3. YRO Modulated the PI3K/AKT/mTOR Signaling Pathway

As choline metabolism is closely linked to the PI3K/AKT/mTOR signaling pathway,
western blot analysis was conducted to evaluate the regulatory effect of YRO on its acti-
vation (Figure 8I). In HUA mice, PI3K, phosphorylated AKT (P-AKT), and mTOR levels
were significantly elevated, indicating activation of this pathway. Overactivation of this
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pathway is associated with lipid metabolism dysfunction, oxidative stress, and cellular
damage in HUA [37]. YRO intervention significantly downregulated PI3K, P-AKT, and
mTOR expression, with the strongest inhibition observed in the YRO-H group. These
findings suggested that YRO may mitigate oxidative stress in HUA mice by suppressing
PI3K/AKT/mTOR activation.

Figure 8. YRO attenuated serum lipid metabolism disorders in HUA mice. (A) Serum concentrations
of TC, TG, LDL-C, and HDL-C; (B) PCA score plot of CON, MOD, YROH, and QC groups; OPLS-DA
score plots of (C) CON vs. MOD and (D) YROH vs. MOD; Volcano maps and top 15 differential
lipids of (E) CON vs. MOD and (F) YROH vs. MOD; (G) Heatmap of differential lipid metabolites in
the CON, MOD, and YROH groups; (H) KEGG pathway annotation between the MOD and YROH
groups; (I) Modulation of YRO on PI3K/AKT/m-TOR pathway protein expression in the kidney.
## p < 0.01 vs. CON group; * p < 0.05, ** p < 0.01 vs. MOD group.
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4. Discussion

The increasing prevalence of HUA, driven by dietary and lifestyle changes, is a
growing public health concern. HUA-related complications, including kidney dysfunction
and intestinal barrier impairment, are closely linked to oxidative stress and metabolic
disturbances. YRO is abundant in UFAs and has the potential to alleviate oxidative stress
and support organ function. This study explored the mechanisms underlying the protective
effects of YRO in HUA, focusing on UA metabolism, oxidative stress regulation, intestinal
barrier integrity, and lipid homeostasis.

UA homeostasis depends on a dynamic balance between synthesis and excretion [38].
ADA and XOD are key enzymes involved in the purine degradation pathway, ultimately
leading to UA formation [39]. In this study, YRO suppressed both ADA and XOD activity,
reflecting a significant reduction in endogenous UA production. UA clearance is tightly
regulated by renal and intestinal transport systems. In the kidney, reabsorption transporters
GLUT9 and URAT1 were abnormally upregulated in HUA mice, leading to excessive UA
retention and renal overload [40]. YRO intervention effectively downregulated these
transporters while restoring the expression of the excretory transporters OAT1 and ABCG2.
Notably, YRO also enhanced intestinal ABCG2 and GLUT9 expression, supporting an
alternative route for UA elimination. By simultaneously reducing UA biosynthesis and
enhancing renal and intestinal excretion, YRO comprehensively improved UA metabolism
and alleviated systemic urate burden.

Excessive UA accumulation in the kidney disrupts renal function and exacerbates
oxidative stress-related injury [41]. Histological analysis further confirmed that YRO
preserved tubular integrity, reduced renal fibrosis, and improved kidney morphology.
The decreases in CR and BUN levels provided additional evidence of improved renal
function. Mitochondria, as the primary site of cellular energy metabolism, are highly
vulnerable to UA-induced oxidative stress [42]. In HUA mice, disrupted mitochondrial
dynamics, characterized by decreased Mfn2 and increased FIS1 expression, indicated
excessive mitochondrial fragmentation [43]. Meanwhile, Keap1/Nrf2 signaling, a crucial
antioxidant defense pathway, was suppressed, further exacerbating oxidative damage [44].
YRO administration restored mitochondrial fusion-fission balance, enhanced mitophagy
via PINK1/Parkin activation, and promoted mitochondrial quality control.

Additionally, YRO alleviated Keap1-mediated inhibition of Nrf2, facilitating its nu-
clear translocation and upregulating antioxidant enzymes (NQO-1 and HO-1). Thereby
reinforcing redox homeostasis and mitigating oxidative injury. Reactive oxygen species
(ROS) contribute to UA-induced oxidative damage and are known activators of the NLRP3
inflammasome, a key driver of inflammation in HUA [45,46]. Notably, YRO reduced mito-
chondrial dysfunction and enhanced antioxidant defense, which may indirectly suppress
NLRP3 activation. These observations align with emerging evidence linking redox balance
to inflammasome regulation and a potential mechanism that warrants further investigation.

The kidneys and the intestine jointly regulated UA excretion, with intestinal excretion
compensating for renal impairment [47]. In the HUA process, excessive UA accumulation
damaged the intestinal barrier, increasing permeability and inflammation, which further
disrupted UA elimination [48]. Tight junction proteins (ZO-1, Occludin, and Claudin-1) are
essential for maintaining epithelial integrity, and their reduced expression in HUA mice
indicated barrier dysfunction [49]. YRO effectively restored the expression of these tight
junction proteins, strengthening the intestinal barrier and facilitating UA excretion.

The gut microbiota has always been proven to be a vital regulator in UA metabolism
and gut functional homeostasis [27,50]. In this study, correlation analysis demonstrated
that gut microbiota composition was closely associated with urate excretion transporters,
antioxidant capacity, and mitochondrial function markers, reinforcing its role in HUA
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progression and metabolic regulation. HUA mice exhibited significant microbial dysbiosis,
characterized by a decreased Bacteroidetes-to-Firmicutes ratio (Figure 7A), an established
marker of metabolic imbalance [51]. This dysbiosis was associated with an increase in
pathogenic bacteria and a reduction in beneficial microbes, likely exacerbating intestinal
barrier dysfunction and UA accumulation. Several studies have linked HUA-associated
dysbiosis to an overabundance of Bacteroides and Dubosiella, which trigger gut-derived
intestinal permeability disruption and oxidative stress [52,53]. In agreement with these
findings, HUA mice in this study displayed significantly increased levels of Bacteroides
and Dubosiella. This shift may contribute to enhanced UA reabsorption, further worsening
HUA symptoms.

YRO intervention reduced the abundance of these pathogenic bacteria, suggesting
that it may alleviate oxidative stress and gut metabolic dysfunction by modulating micro-
bial composition. At the same time, YRO increased the abundance of beneficial bacteria,
particularly Lachnospiraceae_NK4A136_group and Akkermansia, which have been reported
to play a role in SCFAs production and metabolic stability [54,55]. SCFAs, including
acetate, propionate, and butyrate, are essential for intestinal barrier integrity, immune
modulation, and energy metabolism [56]. Previous studies reported that HUA mice of-
ten exhibit reduced SCFA levels, which may impair intestinal function and metabolic
regulation. Our results confirmed this trend, as SCFA concentrations were significantly
lower in HUA mice but were restored following YRO administration, reinforcing its role in
Lachnospiraceae_NK4A136 _group and Akkermansia regulation. Another notable shift was
observed in Lactobacillus, which was significantly elevated in HUA mice. This genus plays
a key role in purine metabolism, and its increase may represent an adaptive response to
excessive purine accumulation [57,58]. YRO supplementation normalized Lactobacillus
levels, indicating a potential restoration of purine metabolism homeostasis and a reduction
in UA synthesis.

Meanwhile, emerging human studies have consistently shown that HUA is associ-
ated with increased Bacteroides and Dubosiella, and other pathogenic bacteria, alongside
reductions in SCFA-producing and barrier-supporting bacteria such as Akkermansia and
Lachnospiraceae [59,60]. These microbial patterns are consistent with those reported in HUA
patients, suggesting that YRO-induced microbiota remodeling may have translational
relevance. Further studies incorporating fecal microbiota transplantation (FMT) from YRO-
treated mice are needed to determine whether gut microbiota alterations directly mediate
the observed benefits.

Lipid metabolism is fundamental to energy homeostasis, membrane stability, and
cellular signaling, and its disruption is frequently associated with metabolic disorders,
including HUA [61]. Glycerophospholipids, particularly PI and PE, are key regulatory
lipids involved in these processes [62]. In this study, lipidomic analysis revealed significant
alterations in PI and PE levels in HUA mice. YRO administration restored PI and PE
levels and indicated its ability to stabilize lipid metabolism. Further pathway analysis
using KEGG enrichment demonstrated that PI and PE metabolism were closely associated
with the PI3K/AKT/mTOR signaling pathway. PI directly activates PI3K, modulating
downstream metabolic and oxidative responses.

Previous studies have demonstrated that PI3K/AKT/mTOR signaling is abnormally
activated in HUA, contributing to renal fibrosis [63]. The findings of this study are consis-
tent with these reports, confirming that HUA-induced PI3K/AKT/mTOR hyperactivation
is associated with kidney injury. However, in addition to its role in renal fibrosis, this path-
way is also involved in mitophagy, apoptosis regulation, and antioxidant responses [64].
Further analysis revealed that PI3K/AKT/mTOR hyperactivation in HUA was accom-
panied by impaired Nrf2 signaling. The YRO intervention effectively reversed these
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abnormalities. It not only restored Nrf2 activation, leading to enhanced antioxidant en-
zyme expression and reduced oxidative burden, but also suppressed PI3K/AKT/mTOR
signaling, mitigating oxidative stress-related damage. These findings suggested that YRO
regulated lipid metabolism and oxidative stress responses, thereby contributing to its
protective effects in HUA.

Recent studies have identified several functional oils with hypouricemic potential,
including Sonneratia apetala seed oil (SSO), cassia oil, and celery seed oil [24,65,66]. Among
them, SSO primarily consists of linoleic acid (69.6%) and oleic acid (5.8%), exerting dual
effects via XOD inhibition and modulation of urate transporter expression, while also
attenuating renal oxidative damage through the Keap1–Nrf2 axis [24]. Similarly, YRO
contains substantial amounts of oleic acid (42.63%) and linoleic acid (22.36%), which may
synergistically contribute to its multi-target bioactivity. Future studies will investigate
whether individual fatty acids, or their combinations, are responsible for the observed
effects, supporting mechanistic dissection and targeted formulation development. In
addition to restoring renal urate transporter balance and antioxidant, YRO reversed HUA-
induced mitochondrial fragmentation and upregulation of antioxidant enzymes (HO-1
and NQO-1), indicating improved mitochondrial quality control and redox balance. These
were essential aspects of renal resilience under urate stress. Meanwhile, YRO uniquely
enhanced intestinal urate excretion and improved lipid disorder, further distinguishing
its mode of action from previously studied oils. Although this study focused on the lipid
composition of coix seed, the plant also contains other bioactive components, including
flavonoids [67]. Notably, genistein has been shown to reduce risk markers of metabolic
syndrome [68]. Given the increasing interest in plant-based dietary strategies for metabolic
regulation, future studies may explore whether coix seed oil, in combination with other
natural compounds, could provide added benefits for managing HUA and related diseases.

5. Conclusions

YRO effectively ameliorated HUA-related symptoms in mice and mitigated HUA-
induced oxidative damage in the kidney. Importantly, YRO restored microbial homeostasis
and improved lipid metabolism. This study revealed the UA-lowering role of YRO on hype-
ruricemia and its underlying mechanisms involving renal and intestinal regulation. While
these findings are promising, further studies, including clinical trials, are warranted to
validate their safety and efficacy in humans and to explore their potential as a nutraceutical
intervention for hyperuricemia.
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metabolites following YROH treatment in HUA.
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Abstract: Background: Depressive symptoms (DepS) are prevalent among patients with
breast cancer. Offering an anti-inflammatory diet is a promising strategy for DepS manage-
ment, but it is costly and difficult to scale up. Instead, anti-inflammatory dietary education
is cost-effective and may be more conducive to the promotion of an anti-inflammatory diet
strategy. Methods: A prospective, assessor-blinded, two-arm randomized controlled trial
was designed to determine the effects of 12-week anti-inflammatory dietary education on
DepS in breast cancer patients with depression. Adult female patients with depression and
receiving adjuvant chemotherapy were recruited. Participants in the intervention group
received anti-inflammatory dietary education, while the control group received routine
nursing care. Outcomes included the Center for Epidemiologic Studies Depression Scale
(CES-D) score, energy-adjusted dietary inflammatory index (E-DII), plasma inflammatory
biomarkers, and quality of life (QoL), which were all assessed at baseline and after a
12-week follow-up. The robustness of the estimates was investigated through sensitivity
analyses. A post hoc power analysis was conducted to establish the observed effect sizes
for the primary outcomes. Results: A total of 88.6% (62/70) of the participants completed
the entire 12-week follow-up. No statistically significant between-group differences were
found in the baseline characteristics, including sociodemographic factors, disease-related
characteristics, and lifestyle factors. After the intervention, both the CES-D score (p = 0.040)
and E-DII (p < 0.001) in the intervention group were significantly lower than in the con-
trol group, while the QoL was significantly increased (p < 0.001). Compared with the
baseline, the tumor necrosis factor-α (TNF-α) (p = 0.002) and C-reactive protein (CRP) (p
= 0.045) levels were significantly lower in the intervention group but not in the control
group. Conclusions: Anti-inflammatory dietary education may improve DepS and QoL
in breast cancer patients with depression and undergoing chemotherapy by regulating
inflammation. Given its acceptability and practicality, this strategy may be incorporated
into routine cancer care.

Keywords: breast cancer; depressive symptoms; anti-inflammatory diet; inflammation;
education
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1. Introduction

Breast cancer has become a global health concern due to its high mortality and mor-
bidity, with 2.3 million new cases and 665,684 deaths in 2022 [1]. Due to the life-threatening
and traumatic nature of cancer diagnosis and treatment, breast cancer patients are highly
susceptible to mental disorders [2], and depressive symptoms (DepS) are common in breast
cancer patients, with a global prevalence of 30.2% [3], usually peaking during adjuvant
therapy and rebounding after the completion of treatment [4]. Cancer-related DepS not
only exacerbates physical symptoms such as fatigue, pain, and insomnia, but also leads
to decreased treatment adherence, severely impaired quality of life (QoL) [5], and even a
higher risk of suicide [6]. In addition, depression has been proven to be an independent
predictor of breast cancer recurrence and survival [7]. Studies have shown that early
preventive interventions for cancer-related DepS during oncological treatment appear
to improve their QoL, prognosis, and survival rates [8]. Medication, the most common
antidepressant strategy, may decrease the effectiveness of anti-cancer treatments [4], and
the high costs and side effects make it difficult to achieve satisfactory outcomes. Therefore,
there is an urgent need for more cost-effective interventions for breast cancer-related DepS
that have fewer side effects and do not interfere with oncology therapy.

A large number of studies have shown that the primary determinants of breast cancer-
related DepS encompass sociodemographic factors (e.g., age, marital status, education level,
and monthly income), disease-related characteristics (e.g., cancer stage, type of treatment,
and surgery), and lifestyle factors (e.g., physical activity, smoking, and alcohol use) [9–13].
The diet, as a safe and modifiable lifestyle behavior, has also attracted extensive attention
from researchers in recent years [14]. For instance, improving an individual’s dietary
behaviors, such as adopting a healthy dietary pattern that includes the consumption
of vegetables, fish, olive oil, and grains, can enhance their overall mental health and
reduce the risk of DepS [15,16]. A systematic review examined the association between
dietary habits and depression and found that both following a healthy diet—in particular,
incorporating vegetables and fruits—and avoiding a pro-inflammatory diet, consisting
of junk foods, fast foods, and high meat intake, may lower the risk of developing DepS
or clinical depression [17]. A meta-analysis that included 16 randomized controlled trials
(RCTs) found that dietary interventions such as individualized dietary counseling, group
dietary classes, and standardized dietary prescription were effective in improving DepS
across the population [18]. The ‘SMILES’ RCT, which included 56 adults with major
depressive disorder (MDD), showed significant improvements in depression in patients
who received 12 weeks of personalized dietary advice and nutritional counseling support
compared to a control group who received social support [19]. Similarly, another RCT
including 152 adults with depression showed that a 6-month Mediterranean-style dietary
intervention (including interactive nutrition education, cooking workshops, and fish oil
supplements) improved depression to a greater extent than social support [20]. Therefore,
dietary interventions are expected to be an effective way to prevent and treat DepS.

However, most breast cancer patients lack professional dietary guidance after the
disease diagnosis [21] and exhibit unhealthy dietary patterns, poor dietary quality, and
insufficient nutrient intake, which may be associated with an increased risk of DepS [22]. We
previously found that the intake of dietary fiber, protein, some vitamins and minerals, and
tryptophan was negatively correlated with DepS scores in breast cancer patients, and poor
dietary quality was associated with an increased risk of DepS [23]. Accumulating evidence
suggests that the diet has anti-inflammatory or pro-inflammatory potential and that its
overall regulation of systemic inflammation may influence DepS [24]. Moreover, breast
cancer patients are susceptible to chemotherapy side effects during adjuvant chemotherapy,
and they prefer pro-inflammatory foods, leading to higher overall dietary inflammatory
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potential [25]. Breast cancer patients with depression have been reported to consume
a pro-inflammatory diet (as assessed by a higher energy-adjusted dietary inflammatory
index (E-DII) score) [26]. It has been shown that a pro-inflammatory diet is independently
associated with an increased risk of DepS, especially in women, suggesting that an anti-
inflammatory diet might be a potential strategy for the management of DepS [27]. In
the general population, an umbrella review of 28 meta-analyses of prospective studies
revealed that healthy dietary patterns and the consumption of foods with anti-inflammatory
properties alleviated the risk of depression, as well as reducing DepS [28]. However, to date,
no clinical trials have been conducted to explore the effects of an anti-inflammatory dietary
intervention on DepS among patients with breast cancer. In our previous investigation,
we found that breast cancer patients lacked knowledge about anti-inflammatory/pro-
inflammatory diets and had difficulty adjusting to a healthy diet on their own. Of note,
offering an anti-inflammatory diet may be a promising strategy for DepS management,
but it is costly and difficult to scale up. Instead, dietary education is an important and
useful tool in influencing a patient’s nutritional status [29]; it may be more cost-effective
and achievable for the promotion of an anti-inflammatory diet strategy.

Therefore, the present study aimed to examine the effectiveness of 12-week anti-
inflammatory dietary education in improving DepS among breast cancer patients with
depression who underwent adjuvant chemotherapy. We hypothesized that, compared with
the control group, patients in the intervention group would have (1) a greater improvement
in DepS, (2) a greater reduction in inflammatory biomarkers, and (3) a greater improvement
in QoL across the study period.

2. Materials and Methods

2.1. Study Design and Participants

This 12-week, prospective, assessor-blinded, and two-arm RCT (China Clinical Tri-
als Registry, ChiCTR2200064967) was conducted in accordance with the Consolidated
Standards of Reporting Trials (CONSORT) statement guidance [30]. Ethical approval was
granted by the Medical Ethics Committee of Jiangnan University (JNU20220606IRB15) and
implemented in compliance with the Declaration of Helsinki.

Female patients were recruited from October 2022 to June 2023 at the Department of
Breast Surgery in the Affiliated Hospital of Jiangnan University. The inclusion criteria were
(1) diagnosed with stage I~III breast cancer; (2) with a Center for Epidemiologic Studies
Depression Scale (CES-D) score ≥ 16; (3) aged ≥ 18 years; (4) had undergone breast surgery
and were scheduled to receive a minimum of four cycles of adjuvant chemotherapy; (5) had
a smartphone to receive messages and communicate; (6) had normal cognitive function and
reading abilities. The exclusion criteria included (1) recurrent or metastatic breast cancer;
(2) previously diagnosed with other cancers; (3) comorbidities with serious somatic or
organic brain diseases; (4) the presence of serious infectious diseases; (5) the use of antide-
pressant, anxiolytic, neurological, or psychiatric medication; (6) undergoing psychological
treatments; (7) the recent use of antibiotics or immune-modulating medications; (8) being
pregnant or lactating.

2.2. Recruitment and Randomization

The nursing staff identified potential participants from the medical records and then
sent them invitations. Written informed consent was obtained from patients if they were
eligible and interested in participating. A research assistant who did not participate in
the recruitment process used the R software (version 4.3.2) to generate the randomization
list with a 1:1 allocation ratio (block size of 4) and sealed the results in serially numbered
opaque envelopes. Each envelope was opened only after baseline assessment completion.
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Based on the order of enrollment and random codes in the envelopes, participants were
randomly assigned to either the intervention or control group before chemotherapy. The
randomization schedule and coding of group allocations were not, at any time, accessible
to the outcome assessors. After randomization, three well-trained interveners provided
hospital-based anti-inflammatory dietary education and invited the participants to join a
WeChat group for online nutritional counseling support. Due to the behavioral nature of
the dietary intervention, the blinding of the participants and interveners was not feasible.
However, several strategies were employed to reduce the risk of bias: (1) upon admission
to the hospital, we firstly assessed the patient’s DepS and assigned the patients with
depression to wards with patients without depression, ensuring that there would be at
most one patient with depression in each ward; (2) the outcome assessors received separate
training, emphasizing neutrality; (3) all assessments were conducted in dedicated rooms
without intervention materials; (4) the laboratory technicians analyzing the inflammatory
biomarkers were masked to the group allocations using anonymized sample IDs.

2.3. Sample Size

The sample size was calculated by using the following formula:

n = (Z α + Zβ)
2 × 2σ2/δ2

The difference in the mean CES-D scores of patients in the intervention and control
groups δ = 8.1, and the combined standard deviation of the two groups σ = 9.34. Therefore,
a minimum of 28 participants for each group was required to provide the study with 80%
power at a two-tailed 5% level of significance. Considering the 20% sample attrition rate,
the required sample size was increased to 70 participants, with 35 in each group.

2.4. Intervention

The intervention included four sessions of hospital-based anti-inflammatory dietary
education and 12 weeks of online nutritional counseling support. After the patients with
breast cancer were admitted to receive chemotherapy, four sessions of dietary education
were provided. The aim of these sessions was to teach the participants anti-inflammatory
dietary knowledge and facilitate their home-based practice. After patients were admitted
to the hospital, the trained interveners provided face-to-face teaching on how to consume
an anti-inflammatory diet among the participants in the ward. They were encouraged to
adhere to an anti-inflammatory dietary plan characterized by the reduced consumption
of processed foods and increased consumption of “good” fats and whole foods [31]. The
whole foods promoted for moderate consumption included lean meats, eggs, and dairy
products, while those promoted for higher consumption were fish, fruits, vegetables, nuts,
and seeds. “Good fats” included monounsaturated fats with a favorable ω-6–ω-3 ratio,
such as fish, seeds, and olive oil. Meanwhile, the participants were asked to limit their
consumption of highly processed and refined foods, such as refined carbohydrates (pasta,
bread, rice), confectionary, and processed meats. Each session lasted about 20–30 min.
Before the intervention began, we prepared a brochure on the anti-inflammatory diet,
including the following topics: (1) the relationship between anti-inflammatory diets and
disease; (2) anti-inflammatory dietary recipes and samples of common processed foods,
“good” fats, and whole foods; (3) routine care during chemotherapy; and (4) tips for
achieving dietary self-management. At the end of the first dietary education session, the
participants were provided with the brochures to refer to when they went home to prepare
their diets. During the home period, the participants were provided with online nutritional
counseling support once a week via WeChat or by telephone, which included providing
dietary knowledge or nutritional tips, answering participants’ questions, reminding the
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participants to keep dietary records, evaluating the reasonableness of the diets, and giving
targeted recommendations for improvement.

Participants in the control group received 12-week routine care, including face-to-
face counseling during hospitalization (4 sessions) and online support via WeChat or by
telephone after discharge if necessary. The face-to-face counseling included topics such as
general knowledge of breast cancer and frequently asked questions (e.g., the occurrence,
risk factors, and treatment of breast cancer; care during chemotherapy; the prevention of
lymphedema; and regular review after the completion of therapy). Each of the face-to-face
sessions focused on one of the selected topics. The information used in the consultation
sessions was developed based on the Guidelines for Breast Cancer Diagnosis and Treatment
by the China Anti-Cancer Association (2024). The interveners never took the initiative to
teach diet-related knowledge to the patients in the control group. If patients inquired about
the diet, recommendations were provided based on the Dietary Guidelines for Chinese
Residents (2022), a basic set of dietary guidelines without a specific anti-inflammatory
focus. As for online support, the researchers provided the patients with friendly reminders
of upcoming tests and treatment appointments and answered patients’ questions.

To minimize the dropout rates, this study recruited breast cancer patients scheduled to
receive at least four cycles (21 days per cycle) of adjuvant chemotherapy. This ensured that
all patients were still at a stage requiring hospitalization for chemotherapy after the 12-week
intervention. One or two days before each chemotherapy cycle, the interveners made a
phone call to provide a friendly reminder of the upcoming appointment. Additionally,
patients were offered prizes for completing each session of the intervention, encouraging
their attendance at future follow-up visits.

2.5. Sociodemographic and Clinical Information

The participants’ sociodemographic and clinical characteristics were collected at base-
line. As both physical activity and drinking are critical factors affecting depression [32,33],
they were also assessed at baseline. The physical activity level was assessed by the Inter-
national Physical Activity Questionnaire Short Form (IPAQ-SF) to calculate the metabolic
equivalent (MET) and then classified into three levels: low (<600 MET/min/week), mod-
erate (600 to 1500 MET/min/week), and high (>1500 MET/min/week) [34]. Data were
collected by trained phlebotomists, dieticians, nutritionists, and research assistants.

2.6. Primary Outcome

The CES-D scale, with good validity in breast cancer patients, was used to assess
DepS. Participants with a CES-D score ≥ 16 were considered to have depression [35,36] and
selected as research candidates. At the end of the 12 weeks of intervention, the participants
were reassessed with the CES-D.

2.7. Secondary Outcomes
2.7.1. Dietary Intake Assessment and E-DII Calculation

For each intervention cycle, dietary intake was assessed using 3-day, 24 h dietary
recalls [37], in which detailed types, amounts, and cooking methods of foods were recorded
on one weekend day and two working days. In order to improve the accuracy of the
dietary surveys, we collected the participants’ dietary intake in the past 24 h after their
admission to the hospital, and the remaining two dietary recalls were conducted via WeChat
after the participants were discharged from the hospital and the chemotherapy-induced
gastrointestinal symptoms had disappeared. After each dietary survey, daily nutrient
intakes were then calculated using the Nutrition Calculator v2.7.8.8 (Chinese Center for
Disease Control and Prevention, Beijing, China). Meanwhile, the dietitian evaluated the
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participants’ dietary and nutrient intake roughly, gave individualized recommendations
for adjustments, and educated the participants via WeChat.

To control for the effect of total energy intake on the DII score, the E-DII score was
calculated to assess the overall inflammatory potential of an individual’s diet. The de-
tailed calculation methods for the E-DII have been described in our previously published
literature [26]. In this study, the E-DII scores were calculated using the following 25 food
parameters: energy; total fat; protein; carbohydrates; dietary fiber; cholesterol; vitamins
A, B1, B2, B6, C, D, and E; folate; niacin; β-carotene; magnesium; iron; zinc; selenium;
saturated fatty acids; monounsaturated fatty acids; polyunsaturated fatty acids; and ω-3
and ω-6 fatty acids.

2.7.2. Plasma Inflammatory Biomarkers

After an overnight 12 h fast, blood samples were collected from 35 volunteer par-
ticipants at baseline and week 12 by a trained phlebotomist. Plasma was prepared by
centrifugation at 3500 rpm for 10 min, followed by inflammatory biomarker (interleukin
(IL)-1β, IL-6, tumor necrosis factor-α (TNF-α), and C-reactive protein (CRP)) measurements
using commercial ELISA kits (Meimian, Yancheng, China) for each time point according to
the manufacturer’s instructions.

2.7.3. Quality of Life

QoL was assessed using the Functional Assessment of Cancer Therapy—Breast (FACT-
B) [38], which is a scale designed specifically for breast cancer patients. It consists of a
general scale measuring the commonality of all cancer types (commonality module) and
breast cancer-specific domains, covering physical, social/family, emotional, functional
well-being, and additional breast cancer concerns. All items were scored on a 5-point Likert
scale from 0 to 4 (“not at all” to “very much”), with a total score of 0 to 144. A higher total
score represents better QoL. The Chinese version of the scale has been widely validated in
breast cancer patients [39].

2.8. Statistical Analysis

Statistical analyses were performed on SPSS 27.0 (IBM Corp, Chicago, IL, USA).
The normality of continuous variables was assessed using the Shapiro−Wilk test. Con-
tinuous variables were presented as the mean ± standard deviation (SD). Differences
between groups were assessed by the 2-tailed independent-samples t-test for normally
distributed variables or the Mann−Whitney U test for non-normally distributed vari-
ables. The paired-sample t-test and Wilcoxon test were used to assess the differences
before and after the intervention for normally and non-normally distributed data, respec-
tively. Categorical variables were presented as frequencies (n) and percentages (%). The
chi-squared test, continuity-corrected chi-squared test, or Fisher’s exact test was used to
assess the differences in categorical variables between groups. The robustness of estimates
was investigated through sensitivity analyses by comparing the baseline characteristics
and outcomes of the subjects who consented to provide blood samples (summarized in
Supplementary Materials). To aid in the interpretation of the primary outcomes, a post hoc
power analysis was additionally conducted based on the observed effect sizes. A p-value
of <0.05 was considered statistically significant.

3. Results

3.1. Overview

A total of 98 female breast cancer patients were assessed for eligibility, of whom 18 did
not meet the inclusion criteria and 10 declined to participate (Figure 1). Finally, 70 eligible

147



Nutrients 2025, 17, 957

participants were successfully recruited and randomly assigned to the intervention group
(n = 35) or the control group (n = 35). At the endpoint, a total of 62 participants (31 in each
group, with a retention rate of 88.6%) completed the entire 12-week follow-up, as eight
dropped out (dropout rate 11.4%, n = 1 due to starting the use of antidepressants, n = 5 due
to hospital changes, and n = 2 due to personal or family issues).

Figure 1. Flow diagram of participant recruitment during the trial according to CONSORT.

3.2. Participant Baseline Characteristics

The baseline characteristics of the participants are presented in Table 1. All female
participants had a mean age of 52.90 ± 11.05 years, with a mean BMI of 24.18 ± 3.22 kg/m2.
The majority of the participants were post-menopausal (54.8%), diagnosed with stage II
breast cancer (61.2%), and had undergone a mastectomy (67.7%). No statistically significant
between-group differences were found in the baseline characteristics.
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Table 1. Comparison of baseline characteristics between the intervention and control groups.

Variable Total (n = 62) Intervention (n = 31) Control (n = 31) p

Age (year) a 52.90 ± 11.05 52.61 ± 11.91 53.19 ± 10.32 0.838
BMI (kg/m2) b 24.18 ± 3.22 24.17 ± 2.80 24.18 ± 3.63 0.800
Menopausal status c

Pre-menopausal 28 (45.2) 14 (45.2) 14 (45.2)
1.000Post-menopausal 34 (54.8) 17 (54.8) 17 (54.8)

Marital status d

Married 57 (91.9) 29 (93.5) 28 (90.3)
1.000Widowed/divorced/single 5 (8.1) 2 (6.5) 3 (9.7)

Education level c

Primary school or lower 14 (22.6) 6 (19.4) 8 (25.8)

0.386
Middle school 27 (43.6) 15 (48.4) 12 (38.7)
High school/secondary school 10 (16.1) 3 (9.7) 7 (22.6)
Junior college or higher 11 (17.7) 7 (22.6) 4 (12.9)

Employment c

Employed 14 (22.6) 9 (29.0) 5 (16.1)
0.455Unemployed 25 (40.3) 12 (38.7) 13 (41.9)

Retired 23 (37.1) 10 (32.3) 13 (41.9)
Residence c

Rural areas 16 (25.8) 5 (16.1) 11 (35.5)
0.213Towns 17 (27.4) 10 (32.3) 7 (22.6)

Urban areas 29 (46.8) 16 (51.6) 13 (41.9)
Family monthly income e

<2000 CNY 5 (8.1) 3 (9.7) 2 (6.5)
0.6172000~5000 CNY 20 (32.2) 8 (25.8) 12 (38.7)

>5000 CNY 37 (59.7) 20 (64.5) 17 (54.8)
Number of chemotherapy cycles completed e

0 15 (24.2) 8 (22.6) 7 (25.8)

0.905
1 21 (33.9) 9 (38.7) 12 (29.0)
2 19 (30.6) 10 (29.0) 9 (32.3)
3 7 (11.3) 4 (9.7) 3 (12.9)

Cancer stage c

I 12 (19.4) 8 (25.8) 4 (12.9)
0.416II 38 (61.2) 17 (54.8) 21 (67.7)

III 12 (19.4) 6 (19.4) 6 (19.4)
Surgery type c

Mastectomy 42 (67.7) 20 (64.5) 22 (71.0)
0.587Lumpectomy 20 (32.3) 11 (35.5) 9 (29.0)

Presence of comorbidities c

No 41 (66.1) 21 (67.7) 20 (64.5)
0.788Yes 21 (33.9) 10 (32.3) 11 (35.5)

Physical activity level c

Low 26 (41.9) 12 (38.7) 14 (45.2)
0.607Moderate 36 (58.1) 19 (61.3) 17 (54.8)

Drinking status d

Never 57 (91.9) 27 (87.1) 30 (96.8)
0.351Former/current 5 (8.1) 4 (12.9) 1 (3.2)

Data are shown as n (%) or mean ± SD. a Independent-samples t-test. b Mann−Whitney U test. c Chi-squared test.
d Chi-squared test with continuity correction. e Fisher’s exact test. BMI, body mass index; CNY, Chinese yuan.

3.3. Effects on Depressive Symptoms

At baseline, the CES-D score (20.81 ± 3.59 vs. 20.00 ± 3.17; p = 0.352) was not
significantly different between the two groups (Figure 2A). However, after the 12-week
follow-up, the CES-D score in the intervention group was significantly lower than in the
control group (15.61 ± 3.55 vs. 17.61 ± 3.95; p = 0.040; Figure 2B). Compared to the baseline

149



Nutrients 2025, 17, 957

data, a reduction in the CES-D scores was observed in both the intervention (Δ CES-D:
−5.19 ± 3.94; p < 0.001; Figure 2C) and control (Δ CES-D: −2.39 ± 4.84; p = 0.001; Figure 2D)
groups. In addition, a significant difference was also observed in the changes in the CES-D
score between the two groups (p = 0.015).

A B 

 
C D 

 

Figure 2. Effects on depressive symptoms in breast cancer patients with depression and receiving
chemotherapy. (A,B): CES-D scores of intervention and control groups at baseline and after 12 weeks.
Data are presented as mean ± SD. Independent-samples t-test was used. (C,D): CES-D scores of
intervention and control groups from baseline to the end of follow-up. Paired t-test was used. CES-D,
the Center for Epidemiologic Studies Depression Scale. The change (Δ) was defined as the value after
the intervention minus the value at baseline for the same individual.

3.4. Effects on Dietary Inflammatory Potential

At baseline, no significant difference was found in the E-DII scores between the two
groups (p = 0.858; Figure 3A). However, after the 12-week follow-up, the E-DII score in
the intervention group was significantly lower than in the control group (−0.88 ± 1.65
vs. 0.65 ± 1.63; p = 0.001; Figure 3B). Compared to the baseline data, the E-DII score
was significantly decreased in the intervention group (Δ E-DII: −0.76 ± 1.71; p = 0.020;
Figure 3C), while it was significantly increased in the control group (Δ E-DII: 0.69 ± 1.21;
p = 0.003; Figure 3D). A significant difference was also observed in the changes in the E-DII
score between the two groups (p < 0.001).
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Figure 3. Effects on E-DII in breast cancer patients with depression and receiving chemotherapy.
(A,B): E-DII scores of the intervention and control groups at baseline and after 12 weeks. Data are
presented as mean ± SD. (A) Independent-samples t-test was used. (B) Mann−Whitney U test was
used. (C,D): E-DII score changes of the intervention and control groups from baseline to the end of
follow-up. Paired t-test was used. E-DII, energy-adjusted dietary inflammatory index. The change (Δ)
was defined as the value after the intervention minus the value at baseline for the same individual.

3.5. Effects on Plasma Inflammatory Biomarkers

Since some patients had already received blood tests during their pre-admission
outpatient visits, only 35 plasma samples were obtained from the patients for the de-
termination of inflammatory biomarkers. Sensitivity analyses showed that the baseline
characteristics of these 35 individuals were consistent with those of the 62 individuals
and that the intervention had a similar effect on the study outcomes (summarized in
Supplementary Materials). As shown in Table 2, there were no significant differences in all
plasma inflammatory biomarkers between the two groups at baseline and at the end of the
12-week follow-up (p > 0.05). Compared with the baseline data, both the TNF-α (Δ TNF-α:
−11.58 ± 15.27 pg/mL; p = 0.002) and CRP (Δ CRP: −0.98 ± 1.80 mg/L; p = 0.045) levels
decreased significantly in the intervention group, but not in the control group. Addition-
ally, there was a significant difference in Δ TNF-α between the two groups (Δ TNF-α:
−11.58 ± 15.27 vs. −5.29 ± 21.02; p = 0.041).
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Table 2. Changes in plasma inflammatory biomarkers.

Variable Intervention (n = 18) Control (n = 17) p

IL-1β (pg/mL)
Baseline 22.57 ± 13.01 18.40 ± 5.59 0.636 b

After 12 weeks 26.46 ± 11.16 21.46 ± 12.77 0.067 b

Δ IL-1β 3.89 ± 9.38 3.06 ± 12.85 0.287 b

p 0.096 c 0.795 d

IL-6 (pg/mL)
Baseline 15.30 ± 7.34 13.17 ± 5.73 0.318 b

After 12 weeks 15.02 ± 7.24 13.12 ± 4.64 0.351 b

Δ IL-6 −0.28 ± 4.67 −0.05 ± 6.88 0.568 b

p 0.744 d 0.463 d

TNF-α (pg/mL)
Baseline 59.74 ± 19.76 56.18 ± 37.52 0.110 b

After 12 weeks 48.17 ± 11.31 50.89 ± 21.07 0.636 b

Δ TNF-α −11.58 ± 15.27 −5.29 ± 21.02 0.041 b

p 0.002 d 0.740 d

CRP (mg/L)
Baseline 9.43 ± 2.28 8.94 ± 3.49 0.184 b

After 12 weeks 8.45 ± 1.49 8.48 ± 1.68 0.961 a

Δ CRP −0.98 ± 1.80 −0.46 ± 2.61 0.184 b

p 0.045 d 0.943 d

Data are shown as mean ± SD. a Independent-samples t-test. b Mann−Whitney U test. c Paired t-test. d Wilcoxon
test. CRP, C-reactive protein; IL-1β, interleukin 1β; IL-6, interleukin 6; TNF-α, tumor necrosis factor-α. The
change (Δ) was defined as the value after the intervention minus the value at baseline for the same individual.

3.6. Effects on QoL

The changes in the QoL of the participants are shown in Table 3. There were no signifi-
cant differences between the two groups at baseline in the FACT-B scores (p > 0.05). After
the 12-week follow-up, the FACT-B score of the intervention group was significantly higher
than that of the control group (p < 0.001). Although both groups experienced improved
QoL following the 12-week follow-up, the intervention group showed a greater increase
than the control group (Δ FACT-B: 16.77 ± 18.68 vs. 4.10 ± 17.17; p = 0.007). Moreover,
at the end of the 12-week follow-up, the subscale scores of social/family (20.00 ± 4.82 vs.
17.10 ± 3.35; p = 0.015), emotional (18.39 ± 3.24 vs. 16.23 ± 3.68; p = 0.016), functional
well-being (19.26 ± 4.41 vs. 15.39 ± 4.32; p < 0.001), and additional concerns (29.06 ± 3.26
vs. 26.84 ± 3.49; p = 0.012) were significantly higher in the intervention group than in the
control group, but no significant difference was found in physical well-being.

Table 3. Changes in quality of life after the 12-week follow-up.

Variable Intervention (n = 31) Control (n = 31) p

FACT-B score
Baseline 91.74 ± 20.44 91.71 ± 17.45 0.995 a
After 12 weeks 108.52 ± 14.22 95.81 ± 13.09 <0.001 a

Δ FACT-B 16.77 ± 18.68 4.10 ± 17.17 0.007 a

p <0.001 c 0.194 c
Physical well-being

Baseline 20.10 ± 4.08 20.32 ± 4.30 0.729 b

After 12 weeks 21.81 ± 3.69 20.26 ± 3.94 0.116 a

Δ Physical well-being 1.71 ± 5.62 −0.06 ± 5.03 0.195 a

p 0.101 c 0.944 c
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Table 3. Cont.

Variable Intervention (n = 31) Control (n = 31) p

Social/family well-being
Baseline 16.71 ± 5.22 16.13 ± 5.25 0.777 b

After 12 weeks 20.00 ± 4.82 17.10 ± 3.35 0.015 b

Δ Social/family
well-being 3.29 ± 4.18 0.97 ± 4.65 0.025 b

p <0.001 c 0.336 d

Emotional well-being
Baseline 13.74 ± 6.07 13.97 ± 5.38 0.877 a

After 12 weeks 18.39 ± 3.24 16.23 ± 3.68 0.016 b

Δ Emotional well-being 4.65 ± 5.14 2.26 ± 4.84 0.065 a

p <0.001 c 0.014 c

Functional well-being
Baseline 15.55 ± 5.14 14.52 ± 4.73 0.414 a

After 12 weeks 19.26 ± 4.41 15.39 ± 4.32 <0.001 a

Δ Functional well-being 3.71 ± 5.29 0.87 ± 5.95 0.052 a

p <0.001 c 0.422 c

Additional concerns
Baseline 25.65 ± 4.59 26.77 ± 4.00 0.299 b

After 12 weeks 29.06 ± 3.26 26.84 ± 3.49 0.012 a

Δ Additional concerns 3.42 ± 5.03 0.06 ± 3.99 0.005 a

p <0.001 c 0.929 c

Data are shown as mean ± SD. a Independent-samples t-test. b Mann−Whitney U test. c Paired t-test. d Wilcoxon
test. FACT-B, the Functional Assessment of Cancer Therapy—Breast Scale. The change (Δ) was defined as the
value after the intervention minus the value at baseline for the same individual.

4. Discussion

In this study, we examined the effectiveness of 12-week anti-inflammatory dietary
education on DepS among breast cancer patients undergoing adjuvant chemotherapy.
Patients who completed the dietary education showed significant improvements in DepS,
dietary anti-inflammatory potential, and QoL compared to the control group. Moreover, we
also found that this strategy played an important role in reducing the levels of inflammatory
biomarkers (TNF-α and CRP) in breast cancer patients. Therefore, anti-inflammatory
dietary education may be an effective strategy in managing DepS and improving QoL
among breast cancer patients in clinical settings.

Numerous studies have indicated a positive impact of dietary interventions on the
treatment of patients with depression [40]. We conducted this prospective study in breast
cancer patients with depression and found that the 12-week anti-inflammatory dietary
education was not only effective in enhancing the dietary anti-inflammatory potential but
also exerted a beneficial effect on DepS, which was consistent with the findings of some
previous studies. A systematic review and meta-analysis including seven longitudinal and
four cross-sectional studies reported a significant association between a pro-inflammatory
diet and an increased risk of DepS relative to an anti-inflammatory diet [41]. A randomized
controlled trial including 67 adults with MDD found that, after 12 weeks of follow-up,
the participants in the modified Mediterranean diet (a typical anti-inflammatory dietary
pattern) group showed a better improvement in DepS than those in the control group [19].
A similar effect of this dietary pattern has also been observed in postmenopausal women,
wherein long-term adherence to the Mediterranean diet not only improved mood and
depression but also reduced the risk of breast cancer [42]. Of note, inconsistent results
were found in overweight and obese breast cancer survivors, where anti-inflammatory
dietary education had no beneficial effect on DepS in the aforementioned populations [43].
Several factors might be responsible for this discrepancy. First, the inclusion criteria for the
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study participants were different. The baseline CES-D scores of the breast cancer survivors
in the study conducted by Long et al. [43] were 3.07 ± 2.92 and 2.33 ± 2.40, indicating
that nearly all breast cancer survivors in Long’s study did not have depression, but, in the
present study, all participants had depression. Second, the duration of the intervention was
different. Long et al. [43] assessed the effect of the intervention at 6 and 12 months, both of
which were longer than 12 weeks. Meanwhile, a two-year randomized trial designed to
assess the effect of the Mediterranean diet in patients with previous depressive episodes
showed no differences regarding the depression recurrence risk, but an improvement in
DepS was seen at four and eight months [44]. Therefore, considering that a dietary nutrition
intervention is a long-term lifestyle modification and the effects of the diet on DepS appear
to undergo dynamic changes over time, future studies with more comprehensive designs,
such as considering different disease stages, larger sample sizes, and longer follow-ups,
are recommended to gain insights into the effects of an anti-inflammatory diet on DepS in
breast cancer patients.

Inflammation is an important biological mechanism identified through which diet
may plausibly affect DepS [45]. The present study revealed a notable decline in the levels
of TNF-α and CRP among participants in the anti-inflammatory dietary education group,
but only the change in TNF-α was significant between the intervention and control groups.
This result was consistent with our previous findings that, among all determined inflam-
matory biomarkers (IL-1β, IL-6, TNF-α, and CRP), only TNF-α significantly mediated
the relationship between the E-DII and DepS in breast cancer patients [26]. Similarly, Yao
et al. [46] also found that patients with MDD had higher serum TNF-α levels, but, after 2
and 12 weeks of antidepressant treatment, there were significant decreases in their TNF-α
levels. These findings indicate that depression is accompanied by the activation of TNF-α,
which also has predictive value for the antidepressant treatment response in patients with
depression. In breast cancer survivors, a high-quality diet that is typically rich in fruits,
vegetables, whole grains, and polyunsaturated fatty acids has been reported to be associ-
ated with lower levels of pro-inflammatory biomarkers (e.g., CRP and TNF-α) [47]. Both of
these inflammatory biomarkers have also been demonstrated to be strongly associated with
DepS. A longitudinal study including 60 subjects with metabolic syndrome showed that,
after six months of dietary treatment, DepS and the circulating CRP concentrations were
decreased, and the decrease in DepS was significantly associated with declines in CRP [48].
A systematic review and meta-analysis of 63 studies indicated that circulating TNF and
CRP were associated with DepS in cancer patients [49]. Thus, inflammation appears to be
a key factor in the association between diet and DepS. However, considering the limited
blood sample size and short-term follow-up, these observations are exploratory and require
confirmation in future mechanistic studies.

Additionally, anti-inflammatory dietary education also resulted in a notable enhance-
ment in overall QoL and its subscales of social/family, emotional and functional well-being,
and additional concerns. Similar results were found in patients with relapsing–remitting
multiple sclerosis and in overweight and obese women with knee osteoarthritis, where an
anti-inflammatory dietary intervention significantly improved the participants’ QoL com-
pared with controls [50,51]. A randomized controlled trial with 106 lung cancer patients
receiving chemotherapy also showed an improvement in QoL with an anti-inflammatory
diet [52]. Meanwhile, Barchitta et al. [53] performed a systematic review of nine exper-
imental studies (including seven RCTs and two single-arm trials) and found that breast
cancer survivors showed significant improvements in overall QoL and/or its subscales
after receiving dietary interventions that included measures such as diet provision, dietary
education, and diet counseling. However, another study showed no significant effect of an
anti-inflammatory diet on the QoL of breast cancer survivors [43]. A possible explanation
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for this may be that the latter study had a longer intervention period, potentially masking
a significant effect of the intervention on QoL in the short term [54]. Additionally, at the
end of the intervention, there was no significant difference between the intervention and
control groups in terms of the physical well-being domain. This finding is not surprising,
as this subscale assesses patients’ physical well-being by asking whether the patients have
experienced symptoms such as weakness, nausea, pain, being bothered by the side effects
of treatment, feeling ill, and being forced to lie down in the past 7 days. However, during
the investigation, we found that the participants in both groups had these symptoms and
most of them were related to chemotherapy. Therefore, the effect of anti-inflammatory
dietary education on patients’ physical well-being may be diminished by chemotherapy.

There are some limitations to this study. First, dietary intake was assessed using self-
reported data collected through 3-day, 24 h dietary recalls, which may lead to recall bias.
For most dietary components, unbiased reference instruments are lacking [55]. Although
the food frequency questionnaire (FFQ) is commonly used to assess the long-term diets
of individuals, we opted for the 3-day, 24 h dietary recall method instead. This change
was necessitated by our observation that most patients’ dietary habits had changed a lot
after their breast cancer diagnosis. Additionally, the dietary information collected through
the FFQ encompassed both intake before and after the diagnosis, making it impossible to
accurately reflect the patients’ diets during the disease stages. Second, anti-inflammatory
dietary education is a lifestyle intervention that requires long-term adherence, whereas
the present study was conducted for only 3 months and lacked long-term follow-up to
assess the impact of the intervention on the patients. In the future, longer follow-up studies
are needed to evaluate the long-term intervention effects. Third, only 35 plasma samples
were obtained from the patients for the determination of inflammatory biomarkers. This
was due to the fact that some patients had already received relevant blood tests during
their pre-admission outpatient visits and were usually hospitalized a few days later to start
chemotherapy immediately. Consequently, they were willing to complete the questionnaire
but unwilling to have their blood drawn again specifically for inflammatory biomarker
determination. Fourth, only IL-1β, IL-6, TNF-α, and CRP were assessed in this study.
Several other important markers through which the diet affects DepS should be considered
in future studies, including the anti-inflammatory cytokine IL-10, oxidative stress, the
gut microbiome, and tryptophan [56]. Fifth, the absolute change in the CES-D scores and
inflammatory biomarkers seemed minimal after the 12-week intervention. Considering
the limited sample size, we conducted a post hoc power analysis for the primary outcome,
achieving power of 54.1%, which is lower than the conventional threshold of 80%. However,
it is much higher than the power values of 59 RCTs (median 0.16, IQR 0.08~0.32) in the
surgical literature [57]. The conventional threshold is unattainable even for high-quality
studies, particularly when considering studies with inherently small samples, such as
many of those related to surgical science or rare diseases [58]. Finally, as a single-center
study, the generalizability of the findings to other populations may be limited, and caution
is needed when extrapolating these results. Whether similar benefits would extend to
non-cancer populations or those with treatment-resistant depression remains unclear.
Therefore, future prospective studies with more rigorous study designs, larger sample
sizes, multi-center designs, and longer follow-up periods are still needed to determine
the long-term effectiveness of anti-inflammatory dietary education on DepS in the breast
cancer population.

The present study also has some implications. Although the observed effect sizes for
the DepS scores and inflammatory biomarkers seemed minimal (potentially influenced
by the limited sample size and short-term follow-up duration), the statistically significant
changes suggest that anti-inflammatory dietary education may exert a measurable yet
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modest therapeutic effect on both emotional regulation and inflammatory pathways in
breast cancer patients with depression. This finding is consistent with existing evidence:
a meta-analysis of 16 RCTs (n = 45,826) similarly demonstrated small but significant
antidepressant effects of dietary interventions [18], suggesting that dietary improvement
could be an ideal option for low-intensity treatment or for individuals to adopt as a self-
management approach to reduce DepS. In addition, most breast cancer patients exhibited
unhealthy dietary patterns due to a lack of professional dietary guidance after their disease
diagnosis, which is associated with an increased risk of breast cancer recurrence and
mortality [21,59]. In the present study, we also found that breast cancer patients without
anti-inflammatory dietary education had a significant increase in their E-DII scores during
chemotherapy, while patients who received anti-inflammatory dietary education had
a significant decrease. A prospective cohort study included 1064 female breast cancer
survivors and found that the post-diagnosis E-DII was significantly associated with the
mortality risk among breast cancer survivors [60]. Breast cancer patients consuming the
most pro-inflammatory diets had a 34% higher risk of death from all causes compared
with patients consuming the most anti-inflammatory diets [60]. Therefore, the findings
of the present study offer further support for the need to focus on addressing poor diets
(especially higher dietary inflammatory potential) in oncology practice. For instance,
healthcare providers could incorporate anti-inflammatory dietary education into standard
care pathways during the treatment initiation and follow-up phases, implementing serial
assessments using validated depression scales (e.g., CES-D) alongside dietary adherence
tracking (e.g., the consumption of anti-inflammatory/pro-inflammatory food). Where
feasible, behavioral measures should be supplemented with inflammatory biomarkers
(e.g., IL-6, CRP, TNF-α) to quantify the biological impact objectively. This multimodal
strategy (behavioral–biochemical synergy) may enhance patient engagement through
visible progress indicators, thereby sustaining healthy dietary adherence. The resultant
improvement could potentially amplify conventional cancer therapies while concurrently
ameliorating depressive symptomatology and improving quality of life.

5. Conclusions

The present study provides evidence that anti-inflammatory dietary education could
improve DepS, regulate inflammation, and improve QoL in breast cancer patients with
depression undergoing chemotherapy. However, future prospective studies with more
rigorous study designs, larger sample sizes, multi-center designs, and longer follow-
up periods are still warranted to determine its long-term effects on DepS in the breast
cancer population.
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Abstract: The protective effects of the milk fat globule membrane (MFGM) in alleviating
inflammation have been reported. However, limited attention has been paid to the key
fraction of milk fat globule membrane protein (MFGMP). This study investigated the
protective effects of camel MFGMP against dextran sulfate sodium (DSS)-induced ulcerative
colitis (UC) in mice. The results revealed that administering 50 mg/kg MFGMP significantly
alleviated colonic inflammation, as evidenced by a marked decrease in IL-6, IL-1β, and
TNF-α levels, along with pathological damage in DSS-induced mice with UC. MFGMP
supplementation partially regulated gut microbiota dysbiosis in mice with UC by increasing
α-diversity and the relative abundance of beneficial gut bacteria, such as Lactobacillus, while
decreasing the abundance of Akkermansia. Additionally, MFGMP treatment exhibited
significant regulatory effects on metabolites, particularly amino acid metabolism, in the
feces. Specifically, this treatment restored L-valine to normal physiological levels and
increased the concentrations of L-leucine, L-lysine, and L-tyrosine to nearly twice their
baseline levels, whereas the concentration of L-tryptophan increased threefold. These
upregulated amino acids were negatively correlated with pro-inflammatory cytokines and
positively correlated with the anti-inflammatory cytokine IL-10, as indicated by Spearman’s
correlation analysis. Furthermore, the significant reduction in the mRNA expression levels
of WNT-1, β-catenin, and Cyclin D1 suggests that MFGMP exerts a positive effect on UC
via the Wnt/β-catenin pathway. These findings indicate that MFGMP exerts a protective
effect against UC by modulating intestinal microbiota and amino acid metabolism in mice,
with potential implications for treating intestinal inflammatory diseases.

Keywords: milk fat globule membrane protein; camel milk fat; ulcerative colitis; gut
microbiota; amino acid metabolism
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1. Introduction

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) marked by
symptoms such as weight loss, loose stools accompanied by hematochezia, diarrhea, and
a dysregulated immune response [1]. Research indicates that the rising incidence of UC
among children and adolescents points to the persistence of numerous environmental
factors that contribute to increased susceptibility [2]. A family history of UC has been
identified as the most significant risk factor for the disease [3]. Moreover, immune
system dysfunction—characterized by T-cell abnormalities and an exaggerated immune
response—has been linked to an elevated risk of developing UC [4]. These findings
highlight the potential benefit of additional prophylactic measures for individuals at
heightened risk, particularly those with a family history of UC or those chronically
exposed to environmental and lifestyle factors. The medical community still lacks clarity
regarding the pathological mechanisms of UC [5]. Although the exact mechanisms of
UC are complex and remain unclear, it is mainly associated with intestinal disorders,
including disrupted gut microbiota, gut inflammation, intestinal barrier dysfunction,
and imbalanced immune responses. Promising strategies for the management of UC
involve targeting the gut microbiota and its associated metabolites. There is widespread
agreement that the gut microbiota plays a pivotal role in modulating UC. Recently, di-
etary and nutritional interventions, including proteins, probiotics, and polysaccharides,
have been considered effective strategies to regulate UC. The relationship between UC
and milk has gained increasing attention, with studies demonstrating that restricting
milk production exacerbates UC disease.

Camel milk contains abundant nutrients, with higher lactoferrin and calcium lev-
els, and is free of β-lactoglobulin (BLG) compared to bovine milk, making it a better
mimic of breast milk in terms of nutrient composition [6]. Camel milk is generally used
as a natural health supplement because of its superior antioxidant, immunomodulatory,
anti-inflammatory, antidiabetic, and anti-apoptotic properties [7,8]. The milk fat glob-
ule membrane (MFGM) is a tri-layered protein–lipid structure that envelops fat globules.
MFGM has gained increasing attention owing to its remarkable properties, including pro-
motion of lipid uptake [9], restoration of intestinal barrier function [10], anti-inflammatory
effects [11] and enhanced gut health [12]. Orally administering a combination of MFGM,
fructo-oligosaccharides (FOSs), and galacto-oligosaccharides (GOSs) significantly improves
UC in mice, primarily due to changes in the intestinal microbiota [13]. Studies have demon-
strated that MFGM extracted from bovine milk can prevent and attenuate acute UC in mice.
Moreover, several studies have suggested that MFGM modulates the immune response,
strengthens intestinal barrier function, and promotes the diversity of the gut microbiota,
thereby alleviating UC lesions [11].

Given that MFGM is a complex fraction containing 25–70% protein and a significant
amount of lipids, it is difficult to determine which component is responsible for its bio-
logical functions. MFGMP, which includes epidermal growth factor 8 (EGF8), xanthine
oxidoreductase (XOR), mucin 1 (MUC1), mucin 15, CD36, butyrophilin, and fatty acid-
binding proteins, is highly regarded for its extensive biological functions despite being
present in low amounts. Currently, studies on MFGMP have mainly focused on the vari-
ations in composition among different species and their protective effects on health. For
example, XOR has been shown to contribute to mammary gland development and exert
antimicrobial activity in the intestine, while proteins from the butyrophilin family are impli-
cated in immunomodulation [14]. Moreover, MUC1, a member of the mucin family, plays a
key role in protecting the mucosal barrier from pathogenic attack and is strongly associated
with tumorigenesis, proliferation, and metastasis [15]. Recent studies have depicted that
EGF8 from bovine milk MFGM can attenuate UC by increasing the production of butyric
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acid and improving intestinal microbiota in the cecal content, suggesting that EGF8 may
be a key functional constituent in regulating gut health. Despite the high abundance of
EGF8 in camel milk, it is widely accepted that the composition of MFGMP varies among
species, as evidenced by the different isoforms of EGF8 found in bovine and camel milk.
However, to date, no studies have explored the potential protective role of MFGMP in UC.
Consequently, the role of MFGMP in camel milk warrants further investigation.

To understand the role of MFGMP in UC treatment, we administered MFGMP via
gavage to mice with UC induced by dextran sulfate sodium salt (DSS). The objectives
of this study were to (1) investigate the effects of MFGMP on UC, (2) analyze changes
in gut microbiota and metabolites, (3) determine the amount of short-chain fatty acids
(SCFAs) in the cecum, and (4) determine the correlation between differential metabolites,
gut microbiota, and inflammatory cytokines. By elucidating the underlying mechanisms,
these findings lay the foundation for the future application of MFGMP as a functional food
in the relief and management of ulcerative colitis.

2. Materials and Methods

2.1. Preparation of MFGM Proteins

Six mature camel milk samples were randomly collected from a local Bactrian camel
farm in Shihezi City, Xinjiang Uygur Autonomous Region, China. All samples were pooled,
placed in iceboxes, and immediately transported to the laboratory, where fresh raw camel
milk was used for MFGMP preparation. MFGMP was prepared according to the method
outlined by Dou et al. [16], with minor modifications. Raw milk samples were centrifuged
at 8000 revolutions per minute (rpm) for 20 min at 4 ◦C. The upper layer, consisting of
the cream, was carefully removed with a spatula and rinsed three times with phosphate-
buffered saline (PBS) at pH 7.4. The milk fat globules were suspended in ultrapure water,
incubated at 37 ◦C for 10 min to remove any residual PBS, and centrifuged at 10,000 rpm
for 15 min, and the upper layer of milk fat was collected and crystallized at 4 ◦C overnight.
Ultrapure water was added to the MFGM fraction, and the MFGM was homogenized by
sonication in an ultrasonic cell disruption machine (sonication 3 s, interval 9 s, total 20 min).
Homogenized MFGM was incubated in a shaker at 45 ◦C for 30 min to promote cream
melting, followed by centrifugation at 12,000 rpm for 15 min at 4 ◦C. The resulting residue
was identified as MFGMP.

2.2. Experimental Design and Animal Model

The animal protocol (A2023-087) was approved by the Ethics Committee of Laboratory
Animals at the University of Shihezi, Xinjiang, China. Forty specific pathogen-free male
C57BL/6 mice (six weeks old) were obtained from SCBS Biotechnology Co., Ltd. (Henan,
China) and housed in cages at the Experimental Animal Center of Shihezi University, where
the environment maintained 12:12 h light–dark cycles at 20–25 ◦C and 60 ± 5% humidity.
After a week of acclimatization, the mice were randomly assigned to five groups (n = 8):
control group (CON), DSS-induced colitis group (DSS), mesalazine treatment group (MES),
low MGFMP treatment group (MP25, 25 mg/kg), and high MGFMP treatment group
(MP50, 50 mg/kg). UC was induced using 3.0% (w/v) DSS in drinking water for 7 days
according to previously described protocols [17]. The experimental design is illustrated
in Figure 1A. After a 12 h fast, all mice were anesthetized with ether and euthanized by
cervical dislocation at the end of the experiment.
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Figure 1. MFGMP alleviated DSS-induced UC in mice. (A) The diagram showcases this study’s
experimental design. For two weeks, mice received either oral PBS or MFGMP treatment prior to
being provided with drinking water that contained 3% DSS. (B) Macroscopic images of the colon.
(C) Colon length in each group (n = 6–8 per group). (D) Change in daily body weight during
DSS treatment. (E) Kinetics of daily disease activity index (DAI) scores throughout DSS treatment.
(F) Histological scores of the colon samples. Data are presented as mean ± standard deviation (SD)
(n = 68 per group). Statistical significance was determined using a one-way analysis of variance
(ANOVA), followed by Tukey’s test. ns, non-significant, * p ≤ 0.05 and **** p ≤ 0.001 relative to the
CON group.
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2.3. Colitis Scores and Histological Analysis

The DAI was employed daily to evaluate the colitis scores in the mice, which encom-
passed factors such as weight loss, stool consistency, and rectal bleeding. These parameters
were monitored as previously described. Colon length was measured after the mice were
sacrificed. Samples from the distal colon were preserved in 4% paraformaldehyde (Xavier
Biotechnology Co., Ltd., Wuhan, China), dehydrated using ethanol, and embedded in
paraffin to create sections that were 5 μm thick. The sections underwent staining with
hematoxylin and eosin (H&E) along with Alcian blue dye to facilitate histopathological
analysis [18]. The tissue damage in each group of colon tissue sections was scored using
Dieleman’s scoring system, which evaluated four aspects: lesion extent, crypt destruction,
lesion depth, and severity of inflammation [19].

2.4. Analysis of Inflammatory Cytokines

The serum levels of IL-6, IL-1β, TNF-α, and IL-10 were quantified using ELISA kits
(Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).

2.5. Analysis of Relative mRNA Expression in Colonic Tissues

Total RNA was extracted from colonic tissues using TRIzol (Invitrogen, Carlsbad, CA,
USA) reagent following the manufacturer’s protocol. Real-time PCR was conducted with
SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. β-Actin was used as the reference gene, and relative gene
expression was calculated using the 2−ΔΔCt method. The primer sequences employed in
this study are provided in Table S1.

2.6. Determination of Short-Chain Fatty Acids (SCFAs)

SCFAs were extracted using a method similar to that previously reported, with slight
modifications [20]. Briefly, 30 mg of cecal content was transferred into a 2 mL tube, followed
by the addition of 1.5 mL of ultrapure water. The mixture was vortexed for 30 s, then
centrifuged at 5000 rpm for 4 min (room temperature). The supernatant was transferred to
a new 2.0 mL tube and mixed with 100 μL of 25% metaphosphoric acid by vortexing for
30 s. After centrifugation at 15,000 rpm (room temperature), the supernatant was collected
in an injection vial for gas-phase analysis. SCFAs in the cecal content were quantified
by gas chromatography using a 30 m × 0.25 mm × 0.50 μm DB-WAX column (Agilent
Technologies, PaloAlto, CA, USA).

2.7. Immunohistochemistry

Colonic tissue slides (4 μm) were deparaffinized and hydrated. Antigen retrieval from
formalin-fixed tissues was performed by microwave heating (20 min) with 0.01 M citric
acid. Tissue blocking was carried out using 5% bovine serum albumin for 1 h at 37 ◦C.
Immunohistochemistry was performed using primary antibodies against WNT-1 (27935-
1-AP), β-catenin (17565-1-AP), and Cyclin D1 (26969-1-AP) purchased from LifeScience
Biological Experimental Equipment Co., Ltd (Wuxi, China). HRP-conjugated goat anti-
rabbit IgG secondary antibody (G1213-100UL, Xavier Biotechnology Co., Ltd.) was used
for detection. Antibodies were detected using a 3,3′-diaminobenzidine (DAB) staining kit
(G1212-200T, Xavier Biotechnology Co., Ltd.). Hematoxylin served as a counterstain, and
the slides were covered with neutral balsam and a coverslip.

2.8. Microbial Community Analysis

Total DNA from feces was extracted using the FastDNA® Spin kit (MP Biomedicals,
Santa Ana, CA, USA) for soil following the manufacturer’s instructions to ensure high-quality
DNA and accuracy of analysis. Universal primers 338F (5′-ACTCCTACGGAGGCAGCAG-3′)
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and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V3–V4 region of
the gene [21]. The samples were identified using barcodes and primers, and the sequences
were dereplicated and discarded. The data were sequenced using the Miseq PE300 platform
(Illumina, San Diego, CA, USA) and then searched for libraries. Raw FASTQ files were de-
multiplexed, quality-filtered using Trimmomatic (version 0.3.9), and merged using fast length
adjustment of short reads to improve genome assembly. Bioinformatic analysis was performed
using Tutu Cloud Platform (http://cloudtutu.com.cn/, accessed on 13 August 2024) and
MICROKOM BioScience Cloud (https://www.bioincloud.tech, accessed on 13 August 2024)
OECloud tools.

2.9. Metabolomics Analysis

Fecal samples from mice were combined with an extraction solution consisting of
methanol and water in a 4:1 ratio (v:v) for the purpose of metabolite extraction. This mixture
underwent low-temperature ultrasonic extraction for 30 min at 5 ◦C and 40 kHz, followed
by centrifugation at 4 ◦C and 13,000× g. The resulting supernatant was transferred into
injection vials equipped with internal cannulae for subsequent online analysis using LC-
MS/MS (Thermo Fisher Scientific, USA). Analysis using LC-MS was conducted with a
UHPLC-Q Exactive HF-X (Thermo Fisher Scientific, USA) system. This was succeeded by
peak alignment, correction of retention times, and extraction of peak areas using Progenesis
QI (Milford Waters, Milford, MA, USA) [22]. Data were matched to metabolic databases
and uploaded to the Meggie BioCloud (https://cloud.majorbio.com, accessed on 17 August
2024) platform for analysis.

2.10. Statistical Analysis

Data are presented as mean ± SD. The analyses of all data were conducted using
GraphPad Prism software (version 9.0.0). For statistical evaluation, a one-way ANOVA
followed by Tukey’s multiple comparison test was employed. A statistical significance
threshold was established at * p < 0.05, ** p < 0.01, and *** p < 0.001. Values with ns indicate
non-significance.

3. Results

3.1. MFGMP Mitigates the Symptoms of DSS-Induced UC in Mice

To assess the therapeutic potential of MP25 and MP50 for UC, key indicators of UC
were characterized. The symptoms of DSS-induced UC were similar to those of human
colitis. Mice in the DSS group exhibited a notable reduction in body weight and colon
length. The symptoms of UC, including reduced colon length and weight loss, significantly
improved in the MP25 and MP50 groups, with no notable differences between them
(Figure 1B–D). However, MP25 significantly improved the DAI index compared to MP50
(Figure 1E).

3.2. MFGMP Attenuates Colon Pathology Symptoms of DSS-Induced UC in Mice

Damage to colonic tissue can be assessed by H&E staining. The colonic mucosa of the
mice in the DSS group was nearly destroyed, with the crypts and goblet cells absent and
marked inflammatory cell infiltration compared to the CON group. The colonic tissues
of the mice in the MP25 and MP50 groups exhibited improvement, with tissues close to
normal. Crypts in the MP25 group were not damaged and contained abundant goblet
cells, resulting in better recovery than those in the MP50 group. Consequently, MFGMP
alleviated DSS-induced colonic injury and protected the intestinal mucosa, especially in
the MP25 group (Figure 2A). The colon histopathology score was based on the evaluation
of key pathological features, including inflammatory cell infiltration, crypt disruption, and
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epithelial damage. Colon histopathology scores revealed significantly higher scores in the
DSS group compared to the CON group (Figure 1F). The MES, MP25, and MP50 groups
exhibited significantly lower scores than the DSS group, with no significant difference
between the MP25 and MP50 groups.

Figure 2. Colonic tissue staining sections. (A) H&E-stained colon sections (n = 6 per group) with
scale bars representing 50 μm. (B) Alcian blue-stained colon sections (n = 6 per group), with scale
bars representing 50 μm.
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3.3. MFGMP Relieves the Amount and Distribution of Mucin in DSS-Induced UC in Mice

The mucus layer, the first barrier of the colon against harmful substances and microor-
ganisms, consists of an inner layer of polymerized MUC2 and an outer layer of loosely
packed MUC2. MUC2 is secreted by cup cells and forms a mesh-like structure that pre-
vents microbial invasion and maintains intestinal homeostasis [23]. The distribution of
mucin MUC2 was analyzed by Alcian blue staining, and the mucus layer was severely
disrupted, with mucin significantly reduced in the DSS group. However, MES, MP25, and
MP50 groups demonstrated improved mucin distribution and less damage to the intestinal
mucus layer in the UC mice. Interventions with MGFMP significantly increased the mucin
amount and restored mucus secretion. The mucin content in the MP25 group was signifi-
cantly higher than in the MP50 group (Figure 2B). Tissue section staining demonstrated that
MP25 was more effective than MP50 in alleviating localized inflammation and restoring
intestinal injury.

3.4. MFGMP Modulates Systemic and Intestinal Local Inflammation in DSS-Induced UC in Mice

Since UC patients are often associated with immune dysregulation, the effect of
MGFMP on both systemic and localized intestinal inflammation was further investigated.
To evaluate the effect of MGFMP on systemic inflammation, the serum levels of IL-6, IL-1β,
IL-10, and TNF-α were quantified using ELISA. The results showed that the MP25 group
had significantly lower levels of pro-inflammatory cytokines, including IL-6, IL-1β, and
TNF-α, compared to the DSS group. The MP50 group, meanwhile, exhibited significantly
decreased levels of IL-6 and IL-1β (Figure 3A–C). Both MFGMP treatments resulted in
a significant increase in the levels of the anti-inflammatory cytokine IL-10 (Figure 3D).
Notably, the pro-inflammatory cytokine TNF-α levels in the MP25 group were significantly
lower than those in the MP50 group.

RT-PCR was conducted to further examine the effect of MGFMP on localized in-
testinal inflammation. The mRNA expression levels of IL-6, IL-1β, and TNF-α in the
DSS-induced UC group were significantly higher than those in the CON group. The
MP25 and MP50 groups demonstrated significantly suppressed mRNA expression levels of
IL-6 and IL-1β, which was consistent with the changes in cytokines observed in the serum.
However, the mitigating effects on TNF-α and IL-10 were associated with the concentration
of MFGMP, with significant effects observed only in the MP50 group (Figure 3E–H). The
MP25 and MP50 groups demonstrated alleviated systemic inflammation, whereas only the
MP50 group demonstrated a more pronounced effect on intestinal localization. Therefore,
we explored the mechanism underlying the mitigation of DSS-induced UC through gavage
administration of 50 mg/kg MFGMP.

3.5. Effect of MFGMP on the Intestinal Microbiota of DSS-Induced UC in Mice

UC is usually associated with changes in the composition and diversity of the gut
microbiota [24]. Therefore, the effect of MFGMP on the intestinal flora of UC mice was
investigated. DSS treatment decreased the α-diversity of the gut microbiota in mice, with
Chao1, ACE, and Shannon indices significantly lower than those of the CON group. Orally
administering MFGMP significantly restored the ACE index (Figure 4A–C). The β-diversity
of intestinal bacteria depicted that mice in the DSS group were significantly different from
mice in the CON group. After MFGMP treatment, intestinal bacteria tended to approach
those in the CON group (Figure 4D).
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Figure 3. The concentrations of IL-6, IL-1β, TNF-α, and IL-10 and their mRNA expression levels were
determined using ELISA kits and real-time PCR. Concentrations of four representative cytokines:
IL-1β (A), IL-6 (B), TNF-α (C), and IL-10 (D) in the serum. The mRNA levels of four representative
cytokines, IL-1β (E), IL-6 (F), TNF-α (G), and IL-10 (H), in colon tissues from the indicated groups
were estimated by real-time quantitative PCR. Data are presented as mean ± SD (n = 6–8 per
group). Statistical significance was determined using one-way ANOVA, followed by Tukey’s test. ns,
non-significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, and **** p ≤ 0.001 relative to CON group.
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Figure 4. Effects of MFGMP on the composition of the gut microbiota. (A) Alpha diversity Chao1 in-
dex (n = 8). (B) Alpha diversity Shannon index (n = 8). (C) Alpha diversity ACE index (n = 8).
(D) Principal coordinate analysis of weighted UniFrac distances. (E) Community structure analysis
for each group at the phylum level. (F) Relative abundance of Akkermansia species (G) Relative abun-
dance of Lactobacillus species. (H) Relative abundance of Bacteroides species. Statistical significance
was determined using one-way ANOVA, followed by Tukey’s test. ns, non-significant, * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.005, and **** p ≤ 0.001 relative to CON group.
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At the phylum level, the relative abundance of Bacteroidota, Firmicutes, and Verru-
comicrobiota was significantly different from that in CON group, with significant reversal
of the change by MFGMP intervention (Figure 4E). At the genus level, MFGMP inter-
vention significantly decreased the relative abundance of Akkermansia (Figure 4F) and
Clostridia_UCG-014 compared to the DSS group. In contrast, the relative abundance of
Lactobacillus (Figure 4G), Bacteroides (Figure 4H), and Alloprevotella increased significantly.

The gene functions of known microorganisms were predicted using FAPROTAX (ver-
sion 1.2.7) software, revealing that the gut microbiota in the DSS group was enriched in
aerobic chemoheterotrophy. MFGMP interfered with the microbial function of chemo-
heterotrophy, as well as the functions of fermentation, the human gut, the mammalian gut,
and automatic compound degradation (Figure 5A).

3.6. Effect of MFGMP on SCFAs of DSS-Induced UC in Mice

SCFAs are metabolic products of gut microbiota and play a crucial role in gut health
and immune regulation. UC induced a decrease in SCFAs in the cecal content (Figure 5B).
However, butyric acid and propionic acid significantly increased after MFGMP applica-
tion compared to the DSS group, although the effect on total SCFAs was non-significant
(Figure 5C,E). This suggested that the relief of inflammation by MFGMP may be related to
butyric and propionic acids.

3.7. Effect of MFGMP on Intestinal Metabolites of DSS-Induced UC in Mice

Gut microbial metabolites are important molecular mediators between the host and
gut microbes and have important and diverse effects on host physiology. A total of
12,991 metabolites in the cecal contents were analyzed using an untargeted metabolomics
approach, and 181 major metabolites were identified as significantly different based on
VIP > 1 (p < 0.05). Twenty-four key differential metabolites were identified by screening
different metabolites in the DSS and CON groups, and metabolites that were significantly
regulated by MFGMP gavage were further screened (Table S2). Principal component
analysis (PCA) of the metabolites from the three groups of mice demonstrated that the
model was highly interpretable and effective in differentiating between them (Figure 6A,B).
PCA analyses of the CON, DSS, and MP50 groups depicted significant differences, with
the MP50 group shifting from the DSS group to the CON group, which was located in
between. This observation suggests that MFGMP may reduce the effects of DSS modeling
(Figure 6C).

MetaboAnalyst (www.metaboanalyst.ca, accessed on 15 August 2024) was employed
to perform KEGG pathway enrichment analysis on the list of differential metabolites [25].
The results depicted that MFGMP regulates 14 major metabolic pathways in a mouse model
of UC (Figure 6D), particularly related to the metabolic pathways of amino acids, which
encompass the biosynthesis of valine, leucine, and isoleucine; the degradation of lysine;
the breakdown of valine, leucine, and isoleucine; as well as the metabolism of tryptophan
and tyrosine.
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Figure 5. Determination of SCFAs in the cecum using gas chromatography–mass spectrometry.
(A) Microbial gene functions predicted using FAPROTAX based on LDA scores. Total SCFAs (B),
acetic acid (C), propanoic acid (D), butyric acid (E), isobutyric acid (F), and valeric acid (G) contents in
mouse feces (n = 6). ns, non-significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005, and **** p ≤ 0.001 relative
to CON group.
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3.8. Impact of MFGMP on Amino Acid Metabolism in DSS-Induced UC in Mice

Some studies have found that the metabolism of specific amino acids may influence
intestinal immune and inflammatory responses and that UC symptoms can be reduced
by adjusting amino acid metabolism [26]. The levels of specific amino acids involved
in the amino acid pathway were analyzed. The amino acid levels of L-valine, L-leucine,
L-tryptophan, L-lysine, and L-tyrosine were lower in the DSS group compared to the CON
group. After administering MFGMP through gavage, the level of L-valine returned to
normal, while the concentrations of L-leucine, L-lysine, and L-tyrosine increased to nearly
twice their normal levels, and the concentration of L-tryptophan increased to three times
its original level (Figure 7A).

A correlation analysis was performed to investigate the relationship between amino
acid content and inflammatory responses. L-valine, L-leucine, L-tryptophan, L-lysine,
and L-tyrosine levels were negatively correlated with the mRNA expression levels of
three pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α). L-isoleucine was positively
correlated with the mRNA expression levels of the four pro-inflammatory cytokines. L-
valine, L-leucine, L-tryptophan, L-lysine, and L-tyrosine levels were positively correlated
with the anti-inflammatory cytokine IL-10 and its mRNA expression levels. L-isoleucine
was negatively correlated with IL-10 and its mRNA expression levels (Figure 7B). MFGMP
inhibits inflammation primarily by regulating amino acid metabolic pathways.

3.9. Correlation Between Metabolites and Microbiota Composition

The top 20 differential microbial genera were filtered using fold change (FC) values
(FC > 2 or FC < 0.5), and correlations with the previously identified 24 differential metabo-
lites were assessed using Spearman’s correlation analysis (Figure 7C). (R)-3-Hydroxybutyric
acid, which is associated with butyric acid metabolism, was significantly positively corre-
lated with Lactobacillus and Clostridium_sensu_stricto. There was a highly significant positive
correlation between Clostridia_UCG-014 and oxoadipic acid, fluvoxamine, ethylmorphine,
and lomefloxacin, particularly oxoadipic acid, which is a product of tryptophan metabolism
(p < 0.01). 4,4′-Dihydroxy-alpha-methylstilbene, coleonol, and Alloprevotella demonstrated
a highly significant positive correlation (p < 0.01). MFGMP-derived metabolites, such as
3,4-dihydroxyphenylacetic acid, 3-methyl-2-oxovaleric acid, and oxoadipic acid, play im-
portant roles in tyrosine metabolism as well as valine, leucine, and isoleucine biosynthesis
and tryptophan metabolism.

3.10. Effect of MFGMP on Wnt/β-Catenin Signaling Pathway in Mice Model

WNT-1 regulates cell proliferation and differentiation by activating β-catenin. In
DSS-induced UC, β-catenin accumulates in the cytoplasm of cells and migrates to the
nucleus due to inflammation, activating the expression of various genes such as Cyclin
D1, which further promotes cell proliferation and inflammation [27,28]. DSS treatment
significantly increased the expression of WNT-1, β-catenin, and Cyclin D1, as indicated
by the immunohistochemical staining results (Figure 8A–C). RT-qPCR analysis revealed
that the mRNA levels of WNT-1, β-catenin, and Cyclin D1 were significantly lower after
MFGMP gavage compared to the DSS group (Figure 8D–F). MFGMP may alleviate DSS-
induced UC through the Wnt/β-catenin signaling pathway.
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Figure 6. MFGMP altered metabolic profiles in DSS-induced UC. (A) Volcano map reflecting these
variables between the CON and DSS groups. (B) Volcano map reflecting these variables between the
DSS and MP50 groups. (C) Bubble diagram of KEGG enrichment analysis of 24 secondary differential
metabolites. (D) PCA scores of the differential metabolites in the CON, DSS, and MP50 groups.
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Figure 7. Effects of MFGMP on amino acid metabolism in mice with DSS-induced UC. (A) Specific
amino acid content in mouse feces. (B) Heatmap of the correlation between the amino acid content in
feces and cytokines. (C) Heatmap of the correlation between metabolites and microbiota composition
in mice with DSS-induced UC. ns, non-significant, * p < 0.05, ** p < 0.01, and *** p < 0.005.
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Figure 8. MFGMP downregulates the WNT-1-β-catenin-Cyclin D1 signaling pathway to alleviate
inflammatory responses. Immunohistochemical staining for WNT-1 (A), β-catenin (B), and Cyclin D1
(C). Scale bars, 100 μm. The mRNA levels of three representative genes, WNT-1 (D), β-catenin (E),
and Cyclin D1 (F), in colon tissues from the indicated groups were measured by real-time quantitative
PCR. Statistical significance was determined using one-way ANOVA, followed by Tukey’s test.
**** p ≤ 0.001 relative to the DSS group. The data are presented as mean ± SD (n = 6 per group).
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4. Discussion

MFGM is commonly removed when milk fat is separated through centrifugation in
the process of creating infant formula derived from bovine milk. However, the protective
effects of MFGM in reducing inflammation, enhancing immunity, and improving cogni-
tive function have been well documented. MFGM proteins have emerged as promising
nutritional components that offer significant health benefits to mammals across all life
stages [29]. Recently, substantial progress has been made in the clinical applications of
MFGM peptides. Studies have demonstrated that MFGMP can regulate lipid metabolism,
mimicking the structural advantages of breast milk in infant formulas and enhancing
digestive efficiency [30]. Additionally, clinical trials have demonstrated that MFGMP
can lower the incidence of hemorrhagic diarrhea and support intestinal maturation in
infants [31]. Given these results, it can be inferred that MFGMP holds considerable promise
for expanded use in dairy processing.

The mitigating effect of MGFMP on UC is related to its concentration. A 50 mg/kg
dose was more effective in mitigating UC in mice, particularly in preventing weight loss
and alleviating localized intestinal inflammation. However, it cannot be overlooked that
25 mg/kg MFGMP was more effective in lowering the DAI index and serum TNF-α levels.
The DAI is an extensive evaluation system that takes into account alterations in weight,
stool consistency, and instances of bleeding. Both 25 and 50 mg/kg MFGMP significantly
decreased the DAI. However, loose stools in the MP50 group resulted in higher DAI. Pro-
tein degradation and absorption are disrupted in the intestinal tract, which is inflamed
or infected by pathogens because of the inhibited secretion of digestive enzymes [32].
Concurrently, pro-inflammatory cytokines interfere with digestion, enhance smooth muscle
contraction of the intestinal wall, accelerate the passage of contents, reduce water ab-
sorption, increase gas production, and aggravate diarrhea [33]. Therefore, high protein
concentrations may impose an additional burden on the inflamed bowel, eventually leading
to loose stools [34]. The elevated TNF-α levels in the MP50 group may have been due to the
accumulation of leucine in feces in this study. Research conducted in the past has indicated
that leucine stimulates the mammalian target of the rapamycin (mTOR) signaling pathway,
which in turn enhances the synthesis of TNF-α [35,36].

Gut microbiota dysbiosis is widely considered a key factor contributing to UC. Many
investigations have revealed that the makeup and by-products of the gut microbiome vary
considerably between individuals suffering from intestinal disorders and those who are
healthy [37,38]. MFGM, present in infant formulas, influences the gut microbiome in chil-
dren and provides a protective effect against inflammation in the intestines. In normal mice,
the dominant phyla include Firmicutes, Bacteroidetes, Desulfobacterota, Deferribacterota,
and Proteobacteria [39]. Following DSS administration in mice, the relative abundances of
Firmicutes, Verrucomicrobia, Actinobacteria, Desulfovibrio, and Proteobacteria were signif-
icantly elevated. Conversely, there was a simultaneous decline in the relative abundance of
Deferribacterota and Bacteroidetes [40]. The research indicated that the administration of
MGFMP at a dosage of 50 mg/kg led to a notable rise in the prevalence of Bacteroidetes in
comparison to the DSS group. Within the phylum Bacteroidetes, species such as B. fragilis,
B. ovatus, and B. thetaiotaomicron are capable of producing metabolites such as kynurenine,
indole-3-acetic acid, and indole-3-lactic acid [41]. These substances are the critical prod-
ucts of tryptophan metabolism. The intricate interplay between gut microbes and their
by-products profoundly influences immune homeostasis, substantially affecting immune
development and responses. This pivotal role in modulating UC pathogenesis underscores
the critical importance of comprehensively understanding the dynamic relationships within
the disease process [42].
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The Firmicutes-to-Bacteroidota (F/B) ratio is a well-established factor in maintaining
normal intestinal homeostasis. Following DSS administration, an increased F/B ratio
was observed in the mice, indicative of dysbiosis. In contrast, the administration of
MFGMP reduced the F/B ratio in mice suffering from DSS-induced ulcerative colitis, thus
emphasizing the regulatory role of MFGMP in maintaining intestinal balance. Enrichment
of the phylum Proteobacteria, which includes many potentially harmful bacteria, has been
observed in patients with UC. This study demonstrated that MFGMP supplementation
counteracted this trend, exhibiting a tendency to restore the microbial composition to that
of the CON group.

Verrucomicrobiota, especially Akkermansia, plays a crucial role in regulating intestinal
inflammation. The results of this study indicated a significant increase in Akkermansia
abundance in the DSS group compared to the CON group. Administering 50 mg/kg
MFGMP restored the relative abundance of Akkermansia, in line with previous studies [43].
Phospholipids, an important component of MFGM, promote an increase in Akkermansia in
the intestine, suggesting that individual MFGM components may influence Akkermansia
differently [10]. Additionally, milk fat globules from different animal sources exert vary-
ing effects on Akkermansia [44]. Further studies are needed to demonstrate the intricate
interactions between Akkermansia and the MFGM. Some studies have reported a reduction
in Akkermansia in colitic mice [45]. These findings suggest that the role of Akkermansia in
IBD pathogenesis is complex and multifaceted. Several studies have demonstrated that
Akkermansia exerts a pro-inflammatory effect under specific conditions, particularly when
harmful bacteria damage the intestinal mucosal barrier, thereby enabling pathogens to
invade the intestinal wall. This phenomenon triggers an intense immune response [46].
Notably, the species and number of pathogenic microorganisms can influence the delicate
role of Akkermansia in IBD [47]. Several studies have demonstrated the anti-inflammatory
properties of Akkermansia. Specifically, Akkermansia strengthens the intestinal barrier to
prevent inflammation, indirectly inhibits chronic low-grade inflammation by regulating
metabolism, activates Toll-like receptor 2 (TLR2) on the surface of intestinal epithelial
cells to increase the release of anti-inflammatory factors, and restores normal tryptophan
metabolism in patients with UC [48–50]. Consequently, the role of Akkermansia in IBD
pathogenesis is influenced by various factors, including host genetics, gut microbiota
composition, environmental conditions, and microbial interactions [51,52].

Previous studies have identified a positive correlation between Lactobacillus and tryp-
tophan metabolism in patients with UC. In the MP50 group, upregulation of Lactobacillus
and Bacteroides was observed compared to the DSS group, further supporting their role in
regulating tryptophan metabolism in DSS-induced colitis.

SCFAs produced by intestinal microorganisms play a crucial role in maintaining
the morphology and function of intestinal epithelial cells and serve as key regulators of
UC [53]. This study demonstrated that the SCFA content in the appendix significantly
decreased, which was akin to the decrease in SCFA levels reported in patients with UC [54].
Butyric acid serves as a vital energy source for colon cells, supports the transformation
of macrophages to the M2 phenotype, aids in the healing of injured colonic epithelial
cells, and is important for sustaining colon health. Following MFGMP administration,
butyric and propionic acid levels were markedly elevated. This aligns with an earlier
study conducted by Gong, et al. [55], which found that the supplementation of MFGM
led to an elevation in the fecal concentrations of propionic acid, butyric acid, isobutyric
acid, valeric acid, and isovaleric acid in a mouse model with BLG-induced allergies. It has
been found that butyric acid has significant anti-inflammatory properties and can reduce
UC symptoms by inhibiting inflammatory pathway activation, modulating the energy
metabolism of intestinal epithelial cells, and protecting intestinal barrier function [56,57].
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Research has shown that Akkermansia is capable of inhibiting the inflammatory responses of
macrophages, thereby helping to reduce symptoms associated with UC [58]. Additionally,
butyric acid encourages the polarization of macrophages towards the M2 subtype [59].

Various investigations have investigated the function of metabolites in sustaining
intestinal homeostasis. To determine the metabolic pathways that may be linked to the
anti-colitis effects of MFGMP, we analyzed the connection between metabolic pathways and
UC. Notable modifications in amino acid metabolism were observed, involving changes in
processes like the metabolism of tyrosine, the breakdown of lysine, and the biosynthesis of
valine, leucine, and isoleucine. Among these metabolic pathways, tryptophan metabolism
has garnered particular attention because of its role in intestinal homeostasis. Microbial
derivatives of tryptophan can activate the aryl hydrocarbon receptor, thereby contributing
to gut homeostasis [60]. This study observed a significant increase in tryptophan levels in
the MP50 group compared to those in the DSS group. Additionally, the levels of metabo-
lites, such as indole, indole-3-acetaldoxime, indole-3-acetonitrile, indole-3-acetamide, and
indoleacetate, were elevated, along with an increase in the content of 5-hydroxy-indole
acetate and 6-hydroxymelatonin.

The current body of evidence indicates that early-stage therapeutic interventions,
such as dietary modifications and microbiota modulation, may effectively decelerate dis-
ease progression and mitigate morbidity in UC through multifaceted mechanisms [61,62].
Therefore, as both an immunomodulator and a modulator of the gut microbiota, MFGMP
may offer prophylactic protection in healthy individuals, potentially lowering their risk of
developing UC. Further studies are required to fully demonstrate the mechanism by which
MFGMP components exert their anti-colitis activity. MFGMP can be incorporated into
food as a functional ingredient for the prophylactic effects of UC. Many challenges must
be overcome to realize the transition from laboratory to clinical applications, including
establishing standardized large-scale industrial production and legal policies for MFGMP,
as well as determining the optimal dosage.

5. Conclusions

The present study found that 50 mg/kg of MFGMP alleviated DSS-induced weight
loss, reduced DAI in mice with UC, and significantly inhibited both systemic and local
inflammation. Moreover, MFGMP significantly improved the dysregulated gut micro-
biota induced by UC, restoring both α-diversity and β-diversity and increasing probiotic
Lactobacillus while decreasing the mucolytic bacteria Akkermansia. Metabolomic analy-
sis suggested that MFGMP intervention affected metabolites, particularly amino acid
metabolism. Specifically, L-valine was normalized, whereas the concentrations of L-leucine,
L-lysine, and L-tyrosine increased almost twofold, and the concentration of L-tryptophan
increased threefold. Furthermore, based on Spearman’s correlation analysis, increased
amino acid levels were significantly negatively correlated with decreased pro-inflammatory
cytokines in the colon, providing evidence that MFGMP alleviated intestinal inflamma-
tion by regulating amino acid metabolism. Lastly, the findings of this study revealed
that MFGMP may regulate intestinal inflammatory processes through the Wnt/β-catenin
signaling pathway. This finding further supports the potential of MFGMP as a functional
food to prevent colonic inflammation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu17050780/s1, Figure S1. SDS-PAGE profile of MFGMP. 1, 2,
3, and 4 are the MFGMP extracted at different times. Figure S2. (A) Weight change on day 7. (B)
Length of the colon from each group. The MFGMP1 group was gavaged with only 25 mg/kg of
MFGMP without DSS modeling, and the MFGMP2 group was gavaged with only 50 mg/kg of
MFGMP without DSS modeling. Data were presented as means ± SD (n = 8). Statistical significance
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was determined using one-way ANOVA, followed by Tukey’s test. ns, non-significant. Table S1.
Primer name. Table S2. Secondary difference metabolite.
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Abstract: Objectives: Our study investigated the effects and mechanisms of edible bird’s
nest (EBN) and free sialic acids (SA) on LPS-induced brain inflammation in mice. Methods:
The experiment divided the mice into four groups: control group (CON), lipopolysaccha-
ride group (LPS), EBN intervention group (EBN, 200 mg/kg/d in dry EBN), and sialic acid
intervention group (SA, dosage was calibrated based on the concentration of sialic acid in
EBN). Results: The results showed that LPS caused a decrease followed by upregulation in
body weight in female mice, and EBN exhibited renal protective effects. In the Morris water
maze, the learning and memory abilities of mice in the LPS group first declined and then
recovered. At the same time, the escape latency improved in the EBN and SA groups. In
the Open field test, both the EBN and SA groups exhibited anti-anxiety and anti-depressive
effects. Immunohistochemistry in the hippocampus showed significant cell damage in the
LPS group, while the damage was alleviated in the EBN and SA groups. LPS promoted
the expression of TICAM1 and MYD88 in the NF-κB pathway, while both the EBN and SA
groups could inhibit the expression of TICAM1. Conclusions: The study has found that
both EBN and SA exhibited noteworthy anti-inflammatory effects, indicating that the main
active component in EBN that provides neuroprotective effects is SA. The bound SA in
EBN confers additional effects, supporting the development of prevention and treatment
strategies for brain inflammation.

Keywords: sialic acid; edible bird’s nest; lipopolysaccharides; neuroinflammation

1. Introduction

Brain inflammation, as a key link in the pathogenesis of many neurological diseases,
has become one of the research hotspots in neuroscience today. Among the many factors
that induce brain inflammation, lipopolysaccharide (LPS), as a major component of the
cell wall of Gram-negative bacteria, can effectively mimic the state of bacterial infection [1].
LPS can cause dysbiosis of the mouse gut microbiota, disrupt the gut barrier, and trigger
gut inflammation [2]. And then activate the body’s immune response, triggering a complex
and intense inflammatory response in the brain [3]. This inflammatory response involves
over-activation of microglia, massive release of pro-inflammatory cytokines, alteration of
blood-brain barrier permeability, and neuronal dysfunction [4,5], which often causes severe
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damage to the central nervous system, significantly affecting the normal physiological
functions of the body, such as cognition and behaviour, and posing a heavy burden on the
well-being of patients and a serious challenge to public health.

Sialic acid (SA), a class of acidic aminoglycans widely present in living organisms, has
recently attracted much attention in medical and biological research [6]. There are many
members in the SA family, commonly including N-acetylneuraminic acid (Neu5Ac) and
its derivatives [7]. The basic structure of SA is a nine-carbon glycoside derivative formed
by the condensation reaction of a pyruvic acid molecule with a mannosamine molecule.
From a morphological point of view, SA exists in different structural forms, and the SA
derived from edible bird’s nest (EBN) primarily exists in a bound state [8], which is usually
connected with sugar chains in biological macromolecules such as glycoproteins and gly-
colipids through specific glycosidic bonds. For example, in EBN, SA is often combined with
proteins to form glycoprotein complexes, which show complex glycan chain branching
in their structure, and the SA group is at the end of the glycan chain [9]. This structural
feature endows it with unique biological properties, enabling it to recognize and bind
organisms, and also influences the metabolization, transition, and interaction with other
biomolecules [10]. EBN positively affects intestinal health [11,12] and regulates the body’s
brain and liver through metabolites produced by intestinal flora [13–15]. EBN is benefi-
cial to women’s health and can prevent and treat neurological disorders in menopausal
women [16].

On the other hand, free SA is not covalently bound to other macromolecules and exists
as a monomer in the organism. Compared to glycoprotein-bound SA, free SA molecular
structure is relatively simple and independent. It has an intact basic structure of acidic
aminosugars and free carboxyl and amino functional groups that exhibit unique chemical
activities in solutions. It is more likely to interact with small molecules or ions. Its diffusion
and transport mechanism through the cell may vary from that of glycoprotein-bound
sialic acid.

SA has been shown to play important roles in various biological processes, including
immune regulation, cell signalling and neural development, and some studies have sug-
gested that they have potential anti-inflammatory properties [17]. EBN is associated with
the improvement of cognitive functions. Studies indicate that it has neuroprotective effects
on Alzheimer’s disease, with the ability to inhibit neuroinflammation [18] and neuronal
cell death [19]. Therefore, EBN benefits cognitive functions, which may be attributed to its
antioxidant and anti-inflammatory activities [20]. Studies have shown that SA is the main
neuroprotective active ingredient in EBN, and both free and bound SAs have been found
to be present in EBN in comparable amounts. However, systematic and in-depth studies
have yet to be conducted on different forms of SA, especially glycoprotein-bound SA and
free SA from EBN, in addressing LPS-induced brain inflammation in mice and the specific
mechanisms that affect brain inflammation development.

Given this, the present study was designed to construct an LPS-induced brain inflam-
mation model in mice. By using free SA and EBN in mice, this work attempted to compare
if free or bound SA confer greater bioactivity in EBN, namely from neurobehavioural,
inflammation-related indexes, and inflammation pathways standpoint. It is expected to
reveal further the mechanism of different forms of SA on brain inflammation and to provide
a valuable theoretical and experimental basis for developing sialic acid-based preventive
and therapeutic strategies for brain inflammation-related diseases.
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2. Materials and Methods

2.1. Materials and Reagents

Edible bird’s horn (from Malaysia, provided by Beijing Yungshutang Biotechnology
Co., Ltd., Beijing, China); sialic acid (Neu5Ac, prepared by immobilised enzyme method,
Wuhan Kostan Biotechnology Co., Ltd., Wuhan, China); lipopolysaccharides (LPS, L2280,
Sigma, Saint Louis, MI, USA); PBS buffer tablets (Solebo, Beijing, China); physiologi-
cal saline (Shuanghe Pharmaceuticals Co. Ltd., Anhui, China); GFAP primary antibody
(A14673, ABclonal, Wuhan, China); IBA-1 primary antibody (Ab178846, Abcam, Shanghai,
China); secondary FITC goat anti-rabbit (111-095-003, Jackson, Wuhan, China); anhydrous
ethanol, NaHSO4, o-phenylenediamine hydrochloride, glucose, phenol, concentrated sul-
furic acid, methanol, etc. were purchased from Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China; tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), interleukin-
6 (IL-6) commercial kits were purchased from Xiamen Huijia Co. Ltd., Xiamen, China;
acetonitrile for liquid chromatography was all LC grade and purchased from Sinopharm
Chemical Reagent Co. Ltd., Shanghai, China.

2.2. Experimental Animals

A total of 32 7-week-old female C57BL/6J mice (SPF grade) were purchased from
Jiangsu Jicui Pharmachem Biotechnology Co., Nanjing, China. The experiment was ap-
proved by the Experimental Animal Welfare and Ethics Committee of Jiangnan University,
with the approval number JN. No. 20230415c0800705.

2.3. Instruments and Equipment

The following equipment was used: a constant temperature oscillation incubator
(TXA-120, Taicang Qiangle Experimental Equipment Co., Ltd., Taicang, China); a liquid
chromatograph (LC-20AT, SHIMADZU, Kyoto, Japan); EF-C18 Bio column (Galaksil, Wuxi,
China); a 96-well plate enzyme labeller (EPOCH1, Bio Tek Instruments Inc, Winooski, VT,
USA); a panoramic section scanner (PANNORAMIC DESK/MIDI/250/1000, 3DHISTECH,
Budapest, Hungary); an optical microscope (NIKON ECLIPSE E100, Nikon, Tokyo, Japan);
and a decolourisation shaker (SK-0180-E, SCILOGEX, LLC, Los Angeles, CA, USA).

2.4. Determination of Sialic Acid Content

Referring to Wang Hui [21], the O-phenylenediamine (OPD) pre-column derivatisation
method was used for the determination with appropriate modifications. Free SA was
determined in a water bath at 50 ◦C protected from light for 2.5 h, and the temperature was
changed to 4 ◦C to continue derivatisation for 48 h. HPLC working conditions: EF-C18-Bio
column, SPD detector, column temperature and detector cell temperature of 30 ◦C, mobile
phase acetonitrile: water = 5: 95, flow rate: 1.0 mL/min, detection wavelength: 230 nm,
injection volume: 20 μL, isocratic elution: 45 min.

2.5. Animal Grouping and Biological Sample Collection

Mice were housed in the barrier facility of Jiangnan University Laboratory Animal
Centre (SYXK-(Su)-2021-0056) and were subjected to a cycle of light and darkness every
12 h. Temperature: 20~26 ◦C, humidity: 40~70%, under an artificial light/dark cycle for
12 h. All mice were randomly divided into four groups, which were set as blank control
group (CON), lipopolysaccharide group (LPS), EBN intervention group (EBN), and sialic
acid intervention group (SA), with eight mice in each group. The CON and LPS groups
were given 0.2 mL of 0.9% saline by gavage daily from week 2. The intervention groups
were given equal volumes of EBN homogenate (200 mg/kg/d in dry EBN) and SA solution
(dosage was calibrated based on the concentration of sialic acid in EBN) [18,19,22] for
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7 weeks, respectively. From the last week onwards, 0.2 mL of 0.9% saline was injected
intraperitoneally daily in the CON group, and an equal volume of LPS solution (500 μg/kg)
was injected intraperitoneally in the other groups for 7 day (d) [23]. As shown in Figure 1,
behavioural tests were carried out six hours after daily intraperitoneal injection for 7 d.
After the end of all behavioural tests, the mice were fasted overnight and anesthetized with
isoflurane inhalation after weighing. They were euthanized using the cervical dislocation
method, and then immediately dissected. Organ samples were collected on ice and weighed,
and plasma, serum, and organ tissues were frozen at −80 ◦C.

Figure 1. Timeline of animal experiments.

2.6. Behavioural Experiment
2.6.1. Morris Water Maze (MWM)

The Morris water maze apparatus consisted of a circular white water tank (120 cm
in diameter and 50 cm in height) placed in the center, surrounded by an opaque cloth. A
stationary platform (10 cm in diameter) was submerged 1 cm below the water surface,
which was dyed white to obscure the platform. The water temperature was maintained
at 25 ◦C.

On the 1st–5th day of the MWM, mice underwent spatial localization training. Each
day, mice were introduced into the maze from four different quadrants facing the pool wall
and were given 60 seconds (s) to spontaneously search for the hidden platform. The latency
and path taken by the mice to reach the platform were recorded. If a mouse failed to find
the platform within 60 s, it was guided to the platform and allowed to stay there for 15 s.
In such cases, the escape latency was recorded as 60 s. To prevent the mice from locating
the platform through inertia, the entry points were varied each day.

On the 6th day, a spatial exploration test was conducted to assess memory consolida-
tion. The platform was removed from the maze, and the diagonal of the platform’s original
position was used as the new entry point (180◦ from the original platform location). Mice
were allowed to swim freely for 60 s. Their trajectories were monitored, and the number of
times each mouse crossed the former platform position, as well as the time spent in the
target quadrant, were recorded [24].

2.6.2. Open Field Test (OFT)

The open field test was conducted in a white, rectangular box with dimensions of
50 cm × 50 cm × 40 cm (length × width × height). A camera was mounted on the top
of the box to record the trajectories of the mice. The test was performed in a quiet, gray
environment to minimize external disturbances. Mice were gently placed on the edge of
the box facing the wall and allowed to move freely for a period of 5 min. Their trajectories
were recorded throughout this time. After each mouse’s behavioral data were collected,
the box was sprayed with 75% alcohol to eliminate any residual odors, ensuring that the
behavior of subsequent mice would not be influenced by the scent of previous animals. The
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mice’s behavior was analyzed based on several parameters, including central area dwell
time, total distance, freezing time, and standing number [25].

2.7. Measurement of Inflammatory Factor Levels

Levels of cytokines TNF-α, IL-1β, and IL-6 in mouse brain (hippocampus, cortex)
homogenates were determined using commercially available Elisa kits (Xiamen Huijia
Co. Ltd., Xiamen, China), following the instruction guide. Enzyme-labeled reagents were
added to a 96-well plate according to the instructions, followed by incubation and washing
steps. After the color reaction, 1.0 M H2SO4 solution was added to stop the reaction.
Immediately thereafter, the absorbance values of each well were measured at a wavelength
of 450 nm, and the cytokine concentration was calculated based on the obtained standard
curve equation.

2.8. Nissl Staining and Immunofluorescence Staining of Hippocampus

Fresh mouse brains were preserved in paraformaldehyde fixative, paraffin-embedded,
and made into tissue sections, which were later deparaffinized to water and stained by
adding toluidine blue for 2–5 min. After washing in water, 0.1% glacial acetic acid was
added to differentiate the reaction, and the reaction was terminated by washing with tap
water, and dried in the oven. Xylene was added for 10 min and the sections were sealed
with neutral gum. The slices were examined microscopically under a light microscope and
images were collected after Nissl staining.

After dewaxing paraffin-embedded brain sections to water, they were subjected to
antigen retrieval in a microwave oven. Following cooling, the sections were decolorized
with PBS (pH 7.4). The sections were then air-dried and blocked with 3% BSA for 30 min at
room temperature. Next, primary antibodies against GFAP and IBA-1 (diluted 200-fold and
1000-fold, respectively, in PBS) were added dropwise to the sections, followed by overnight
incubation at 4 ◦C in the dark. After decolorization and drying, secondary antibodies
specific to the primary antibodies (diluted 400-fold in PBS) were applied and incubated at
room temperature in the dark. Subsequently, DAPI was added dropwise and incubated
for 10 min at room temperature. Finally, the sections were mounted with a fluorescence
quenching sealer, and panoramic images of the hippocampus were captured using a tissue
section scanner. The mean optical density (MOD) values of green fluorescence in the images
were analysed using Image-Pro Plus 6.0 software. Calibration standards are converted
to optical density values. Measurements selection “Area” and “IOD”. Colors selection
“Histogram Based”, and threshold setting “0–250”. The mean optical density was calculated
according to Formula (1), as follows:

MOD =
IOD
Area

(1)

2.9. Quantitative Real-Time PCR (qPCR) Analysis

RNA was extracted from hippocampus tissue using a column extraction method
according to the instructions. Total RNA was then reverse-transcribed into cDNA using
the HiScript® III RT Super Mix reverse transcription kit (Vazyme Biotechnology Co., Ltd.,
Nanjing, China). Quantitative real-time reverse transcription polymerase chain reaction
(RT-qPCR) amplification was performed using the 2× Taq Pro Universal SYBR qPCR
Master Mix (Vazyme Biotechnology Co., Ltd., Nanjing, China). The β-actin was used
as an endogenous control for normalizing tar-get gene mRNA expression. The relative
expression levels of target genes were calculated using the 2−��CT method. The primer
sequences (designed by NCBI GenBank) are listed in Table 1.
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Table 1. Gene primer sequence for qPCR.

Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCAT
TICAM1 CAAGCTATGTAACACACCGCT TGGTAACCCTAAGGAGACACTG

NF-κB p65 ACTGCCGGGATGGCTACTAT TCTGGATTCGCTGGCTAATGG
MYD88 CAGGAGATGATCCGGCAACT CATGCGGCGACACCTTTTC
Iκκβ GGCACCCAATGATTTGCCAC TCTAAGAGCCGATGCGATGT
COX-2 TTCCAATCCATGTCAAAACCGT AGTCCGGGTACAGTCACACTT
CHUK AAGGCCATTCACTATTCTGAGGT GTCGTCCATAGGGGCTCTT

2.10. Data Processing and Analysis

The data results conforming to normal distribution were expressed as mean ± stan-
dard deviation of the mean (Mean ± SEM). GraphPad Prim 8 software was used to carry
out statistical analysis of the data and to draw pictures. Data conforming to normal distribu-
tion were analysed using non-parametric tests, one-way ANOVA with post hoc two-by-two
comparisons using Tukey’s model for data in 3 or more groups; a t-test was used for data in
2 groups. The KW rank sum test was chosen for parametric tests, and a threshold of
p < 0.05 was set to distinguish whether the groups were statistically different from
each other.

3. Results

3.1. Characterisation of Different Forms of Salivary Acids

The treatment was performed using the OPD pre-column derivatisation method and
quantified by HPLC. The free SA content of edible bird’s horn was 7.35 ± 0.16%, and the
total SA content was 14.07 ± 0.03%, consistent with the literature reports [26].

3.2. Analysis of Body Weight Organ Index

The changes in body weight of female mice in each group during the modelling time
are shown in Figure 2A. Compared with the control group, it was clear that the body
weight of female mice under continuous LPS invasion continued to decrease on days 2–3.
It was significantly lower than that of the CON group, with a gradual increase in body
weight from day 4 onwards. There was no significant difference between the LPS and the
CON groups on day 5, which is consistent with the transient nature of LPS-induced mold
formation reported by previous research [3,27], and suggests that the body can promote the
restoration of homeostasis, but the recovery of body weight does not indicate fully repaired
metabolic disorders. Notably, the EBN and SA groups showed similar changes in body
weight as the LPS group, with no significant difference, indicating that they did not have
any significant restorative ability on the body weight of female mice invaded by LPS.

The protective effects of structurally different SAs of EBN on the organs are shown in
Figure 2B–D. The liver, kidney, and spleen indexes became significantly more prominent in
the LPS group compared with the control group (p < 0.001). These indexes were reduced to
different degrees in the EBN and SA groups compared with the LPS group. Among them,
the EBN group showed a significant kidney index difference compared to the LPS group
(p < 0.05), and the kidney index recovered by 5.05%. It can be shown that both EBN and
free SA have partial protective effects on the organs, especially EBN, which exhibited more
obvious protective effects on the kidneys.
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Figure 2. Comparison of body weight changes and organ indices of female mice in each group.
(A) Body weight changes of female mice in each group during 1–7 days of modelling time. (B) Liver
index of female mice in each group. (C) Kidney index of female mice in each group. (D) Spleen index
of female mice in each group. Data are expressed as mean ± SEM. ## p < 0.01 and ### p < 0.001 vs.
control group; * p < 0.05 vs. LPS group.

3.3. Behavioural Analysis
3.3.1. MWM Analysis

Excessive inflammatory responses in the brain can adversely affect learning and
memory abilities [28]. Therefore, the MWM is used to examine mice’s learning and mem-
ory capabilities through the cognitive assessment of mammalian rodents. As shown in
Figure 3A, the Morris water maze experiment can reveal a significant difference in latency
between the 1–4 d LPS group and the CON group (p < 0.05), indicating a significant de-
crease in spatial learning and memory ability. As shown in Figure 3B–D, the Escape period
of EBN and SA groups on day 2–3 was significantly lower than that of LPS group (p < 0.05),
and the Escape period on day 2 was decreased by 25.85% and 21.51%, suggesting their
ameliorative effect. On day 4, SA group increased to the same level as LPS group, but the
latency of EBN group was still significantly lower than LPS group (p < 0.05).

Figure 3. Comparison of behavioural indices in the Morris water maze of female mice in each group.
(A) Changes in escape latency in female mice of each group during days 1–5 of training. (B) Escape
latency of female mice in each group on day 2 of training. (C) Escape latency of female mice in each
group on day 3 of training. (D) Escape latency of female mice in each group on day 4 of training.
(E) Ratio of time spent in the target quadrant by each group of female mice. (F) Frequency of female
mice passing the target quadrant in each group. Data are expressed as mean ± SEM. # p < 0.05,
## p < 0.01 and ### p < 0.001 vs. control group; * p < 0.05 vs. LPS group.
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Figure 3E–F reveals no significant difference between the groups on the test metrics in
the MWM in the probe experiment on day 6, indicating little difference in spatial memory
ability between the groups. For the LPS group, this indicated that their spatial memory
capacity was restored from day 5. Seven consecutive days of intraperitoneal injection of
model-ling in the LPS group resulted in a significant decrease in the learning memory
capacity of the female mice on days 1–4, while the capacity was restored from day 5
onwards. This was similar to the trend of body weight.

3.3.2. OFT Analysis

The OFT can reflect the degree of tension, anxiety, or depression of female mice in
an unfamiliar environment. Excessive inflammatory responses in the brain are associated
with depression [29]. The proportion of time spent in the central area by female mice in
each group during the total time is shown in Figure 4A, which measures of anxiety-like
behaviour. There was no significant difference between the LPS group and the CON group,
whereas SA group showed a significant increase in the proportion of time spent in the
central area, suggesting that SA has an anxiolytic effect. The total distance moved in each
group within the open field experiment is shown in Figure 4B, and the LPS group showed
a significant decrease in the distance compared to the control group (p < 0.05), suggesting
that LPS induced depression-like behaviour in female mice. In the SA group, the distance
moved by the female mice was significantly increased (p < 0.05) compared to the LPS group,
indicating that SA can better exert antidepressant effects.

Figure 4. Comparison of behavioral indices of Open field test in female mice in each group.
(A) Percentage of time spent in the central area by female mice in each group. (B) Distance moved
within the experiment by each group of female mice. (C) Resting time of female mice in each group
in the experiment. (D) Number of times female mice in each group stood upright in the experiment.
Data are expressed as mean ± SEM. # p < 0.05, ## p < 0.01 vs. control group; * p < 0.05 vs. LPS group.

As shown in Figure 4C, the resting time of female mice in each group reflects the
anxiety level and locomotor ability of female mice. Compared with the CON group,
LPS significantly increased the resting time (p < 0.01), suggesting that LPS made female
mice more anxious, depressed, and less capable of exercise. Compared with LPS group,
the rest time of female mice in EBN group and SA group was reduced by 50.42% and
48.23%, respectively. It indicated that both structurally different SAs in EBN alleviated the
depression-like behaviour. The number of erections of female mice in each group is shown
in Figure 4D, reflecting the exploratory behaviour of the mice and the degree of curiosity
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about the new environment. It was found that there was no significant difference between
the groups in the number of erections compared with the CON group. Taken together, at
day 7, LPS-induced female mice still showed some degree of depression-like behaviour.
Moreover, both EBN and SA could alleviate the depression-like behaviour of female mice.

3.4. Analysis of Brain Inflammatory Factors

Intraperitoneal injection of LPS promotes transient and strong expression of inflam-
matory cytokines in various brain regions of mice, such as IL-1β, TNF-α, and IL-6 [30]. As
shown in Figure 5, the LPS group had different effects on the expression of inflammatory
factors: IL-1β is a pro-inflammatory factor, and the LPS group increased the expression
of IL-1β compared with the control group, which can be seen that LPS induced inflam-
mation in female rats. The expression of IL-1β in the EBN and SA groups was reduced
to different degrees compared with that of the LPS group. The expression of TNF-α is a
pro-inflammatory factor. Compared with CON group, LPS had no significant effect on the
expression of TNF-α in mice brain.

Figure 5. Comparison of inflammatory factors in the brain of female mice in each group.
(A–C) Inflammatory factors (IL-1β, TNF-α, IL-6) in the hippocampus of the brain of female mice in
each group. (D–F) Inflammatory factors (IL-1β, TNF-α, IL-6) content in the cortex of the brain of
female mice in each group. Data are expressed as mean ± SEM. ## p < 0.01 compared to control.

Meanwhile, no significant difference was observed between the EBN and SA groups
compared with the LPS group. IL-6 is a pro-inflammatory and anti-inflammatory factor,
and IL-1β and TNF-α inflammatory factors mainly activate its expression. Compared
with the CON group, the LPS group reduced the expression of IL-6 inflammatory factors
in the brain, especially in the cortical area (p < 0.01). The EBN and SA groups were
alleviated compared with the LPS group, and the expression of IL-6 inflammatory factor
was recovered by 15.95% and 75.57%.

3.5. Immunohistochemistry of the Hippocampus

The results of Nissl staining revealed the morphological changes of neurons in hip-
pocampal CA1, CA2, and DG regions. CA1 plays a key role in memory consolidation and
is considered an important link in converting short-term memory into long-term memory.
Damage to the CA1 region can seriously impact spatial memory [31]. Damage to the CA2
region reduces social memory ability, affects subsequent memories’ storage and retrieval,
and is involved in a certain degree of emotional memory [32]. The DG region helps the
brain distinguish similar but different inputs to avoid memory confusion. This region
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is closely related to the plasticity of the brain and its ability to learn and adapt to new
environments and things [33].

As shown in Figure 6, in the CA1, CA2, and DG regions, the single-cell structure in
the CON group had a complete outline, clear nuclei, and a high number of intact nerve
cells. In contrast, the number of intact neurons was significantly reduced in the LPS group,
with cell lysis in the marginal layer, diffuse cellular debris, and thick nucleoli. There may
be cellular morphology alterations in the LPS group due to inflammatory response [34].
Unlike the LPS group, neurons increased in the EBN and SA groups, with some apoptotic
cells but reduced fragmentation. The morphology and arrangement of cells in both groups
were more ordered and tightly packed than in the LPS-treated group, with less cellular
debris in the hollow space, and the cellular structure appeared more intact. The EBN and
SA groups may have some cytoprotective effects, which could alleviate the cellular damage
induced by the LPS group to a certain extent. In response to LPS, EBN, and SA, the CA1,
CA2, and DG regions did not show noticeable specific differences, which may indicate that
these treatments’ effects on different hippocampus regions are somewhat consistent. This
experiment found that SAs in EBN alleviated the release of inflammatory factors induced
by LPS and reduced neuronal structural damage in the hippocampus by combining the
levels of inflammatory factors in the brain.

 

Figure 6. Morphological structure of neurons in CA1, CA2 and DG regions of the hippocampus of
female mice in each group (×200, ×400).

Ionized calcium binding adapter molecule 1 (IBA-1) is a microglia-specific intracellular
protein and is therefore commonly used as a marker to determine microglia specificity. Glial
fibrillary acidic protein (GFAP) can be used as a biomarker for astrocyte proliferation during
CNS injury. As illustrated in Figure 7, the immunofluorescence staining and quantitative
analysis of fluorescence intensity revealed that hippocampal IBA-1 staining was enhanced
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in LPS-treated mice, indicating increased microglial activation. Additionally, the number of
GFAP-positive cells, indicative of astrocyte activation, was also elevated in these mice. Both
EBN and SA interventions attenuated the increase in IBA-1-positive and GFAP-positive
cells within the hippocampus. Among them, the intervention with EBN demonstrated a
better efficacy compared to SA in reducing the activation of these glial cells.

Figure 7. Immunofluorescence staining images and quantitative analysis in the CA1 region of the
hippocampus of female mice in each group. (A,B) Immunofluorescence staining of the CA1 region
of the hippocampus with specific antibody labelled GFAP and IBA-1 proteins (×200). (C,D) Mean
optical density in the CA1 region of the hippocampus for specific antibody-tagged IBA-1 and GFAP
proteins. Data are expressed as mean ± SEM.

3.6. NF-κB Inflammatory Signalling Pathway

NF-κB is a nuclear transcription factor with pleiotropic regulatory effects widely
present in various cells. In inflammatory responses, the NF-κB signaling pathway plays a
key regulatory role. Researchers have found that inhibiting the activation of key NF-κB
signaling targets can reduce the expression of inflammatory factors and alleviate inflam-
mation [35]. Under normal conditions, NF-κB is bound to its inhibitory protein IκB in
the cytoplasm, remaining inactive [36–39]. As can be seen in Figure 8A, the expression of
the TICAM1 gene was significantly elevated under LPS treatment conditions (p < 0.05). It
was suggested that LPS could trigger inflammatory responses by activating the Toll-like
receptor 4 (TLR4) signalling pathway. The TICAM1 gene may play an important role in
this inflammatory response, and its high expression may be related to the immune defense
mechanism. Compared with the LPS group, the TIC AMI gene expression was lower under
treatment in the EBN and SA groups (p < 0.05), which implied that EBN and SA inhibited
the expression of the TICAM1 gene and might have an anti-inflammatory effect.

In Figure 8B, compared with the control group, NF-κB p65 gene expression in LPS
group was significantly increased (p < 0.05). NF-κB is an important transcription factor in
inflammatory responses, immune responses, and cell survival. LPS stimulation resulted
in the degradation of IκκB by phosphorylation and NF-κB release, which enabled the
NF-κB p65 subunit to enter the nucleus and initiate the transcription of a series of genes
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related to inflammatory response, immune response, and cell survival. The relatively
low expression of NF-κB p65 gene in EBN and SA treatments compared to LPS may
indicate that they inhibit the NF-κB signaling pathway activation, and thus have potential
anti-inflammatory properties.

Figure 8. Expression of inflammation-related genes on the NF-κB pathway in each group.
(A) TICAM1 gene expression in each group. (B) NF-κB p65 gene expression in each group.
(C) MYD88 gene expression in each group. (D) IκκB gene expression in each group. (E) COX-
2 gene expression in each group. (F) CHUK gene expression in each group. Data are expressed as
mean ± SEM. # p < 0.05 vs. control group; * p < 0.05, ** p < 0.01 vs. LPS group.

Figure 8C showed significantly increased expression of the MYD88 gene under LPS
treatment (p < 0.05). MYD88 is a key junction protein in the TLR4 signalling pathway
in LPS-induced inflammatory response. It can activate downstream NF-κB and other
inflammation-related signalling pathways. MYD88 gene expression was significantly
decreased in EBN (p < 0.01) and SA (p < 0.05) groups, which indicated that EBN and SA can
reduce the LPS-induced inflammatory response by inhibiting the expression of MYD88.

The expression levels of Iκκβ gene in each group were shown in Figure 8D. Normally,
NF-κB binds to the IκB protein in an inactivated state in the cytoplasm. When the cell
is stimulated, the Iκκβ is activated and phosphorylates the IκB protein, resulting in the
degradation of the IκB protein, NF-κB release, and allows it to enter the nucleus to initiate
transcription. Compared with CON group, the expression of Iκκβ gene was increased in
LPS group, but there was no significant change, which may indicate that LPS activate the
NF-κB pathway with little effect on Iκκβ gene transcription level. This may be because reg-
ulation of Iκκβ occur more at the post-translational level, such as its own phosphorylation
and activation, rather than at gene transcription.

In Figure 8E, LPS treatment led to the elevation of the expression of the COX-2 gene,
an inducible enzyme mainly in the nucleus of cells. COX-2 is an inducible enzyme that
mainly impacts inflammation and tumour development. LPS can induce the expression
of COX-2 by activating NF-κB and other signalling pathways to produce inflammatory
mediators such as prostaglandins. The expression of the COX-2 gene was reduced to a
certain extent under EBN and SA treatment, which indicated that EBN and SA has the
anti-inflammatory effect of inhibiting COX-2 expression.

CHUK gene expression was shown in Figure 8F. CHUK is part of the Iκκ complex
and is involved in the activation of NF-κB. There was no significant change in CHUK gene
expression under each treatment, which may indicate that these treatments had little effect
on CHUK gene transcription.
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4. Discussion

LPS caused a significant increase in organ indices, while EBN and SA groups reduced
these indices. This may be due to LPS disrupting the body’s metabolism and physiologi-
cal functions. SA is the main active component in EBN that suggests neuroprotection in
mice [14]. Studies suggest that various plant polysaccharides (mycelia selenium polysac-
charides, Hericium Erinaceus polysaccharide, etc.) have a positive impact on inflammation-
related diseases in mice [40–42], indicating that polysaccharides could serve as a novel
anti-inflammatory agent. In contrast, EBN can alleviate the damage to organs caused by
inflammation, reducing the organ stress response and pathological changes caused by
inflammation, although not affecting weight recovery. This may be related to its high SA
content which can regulate immune responses, inhibit inflammatory mediator release, and
reduce oxidative stress damage that created a relatively stable internal environment for the
organs. Among them, EBN is particularly prominent in protecting the kidneys. The bound
SA from EBN may confer additional effects on it, which is consistent with previous studies.
Researchers have found that bound SA is beneficial for regulating the intestinal probiotics
of pregnant women [8], and protein-bound Neu5Ac exhibits higher prebiotic activity than
its free monomeric form [43].

MWM reveal that the LPS group experienced a significant decline in learning and
memory in the early stages. Although there is a tendency for recovery in the later stages, it
is due mainly to limited compensatory mechanisms of the body. This experiment revealed
that supplementation with different forms of SA could alleviate the decline in learning
and memory ability induced by LPS, playing a role in cognitive protection. The EBN and
SA groups significantly improved anti-inflammatory, anti-oxidative, and neuroprotective
properties, inhibiting inflammatory factors, enhancing neurotrophic factors, repairing
neurotransmitter metabolism, and regulating the endocrine system. On day 4 of MWM,
EBN still had good spatial cognitive abilities. However, the SA group had declined to the
same level as the LPS group, which further confirms that bound SA in EBN exhibits higher
anti-inflammatory activity than SA groups (free SA). The impact of different forms of SA
on learning and memory functions has been studied to some extent, and it is believed
that SA is closely related to the function and stability of the nervous system. SA is a
major component of gangliosides and glycoproteins in the brain, such as neural adhesion
molecules, which play a key role in forming neural synapses and the process of neural
central conduction [44]. Memory is closely related to stable synaptic connections and neural
conduction. The experimental results from infant rats [45] and piglet [46] models suggest
that SA is likely a conditional nutrient during the rapid growth phase of the brain. The
chemical structure of polysaccharides is the basis of their biological activity. The proteins
that bind to polysaccharides are different, making it difficult to characterize them to obtain
an accurate structure [47]. Neural adhesion molecule (NCAM) is a glycoprotein on the
surface of cells, which can be modulated by the addition of SA chains, namely salivation.
Sialylated NCAM (PSA-NCAM) can affect the nature of cell adhesion, which in turn affects
neuronal growth, migration, and synapse formation. The SA in EBN may theoretically be
able to exert a salivating effect on NCAM, but this effect depends on some factors, including
bioavailability, dose, and metabolic pathway. Overall, the SA in EBN may have potential
salivating effects on neural adhesion molecules.

OFT reveal that LPS group exhibited depression-like behavior. However, there is no
clear evidence that SA directly causes significant changes in GABA, serotonin or dopamine
levels. SA’s anxiolytic effects may be achieved through mechanisms such as modulation
of the function of neurotransmitter systems, enhancement of GABA neuron activity, or
activation of AMP-activated protein kinase (AMPK). Other research also found that the
total distance traveled, average speed, and frequency of rearing behavior were signifi-
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cantly reduced in the LPS group of mice (p < 0.0001). At the same time, the intervention
with dihydrolipoic acid improved these indicators (p < 0.01) and significantly alleviated
the depressive state [48]. A new compound, QTC-4-MeOBnE, significantly increased the
grooming frequency in LPS mice during the sucrose splash test (p < 0.001) and reduced
the immobility time in the forced swim test (p < 0.001) [25]. It is speculated that the im-
provement in depressive behavior is related to restoring BBB permeability and reducing
inflammation mediated by NF-κB in the hippocampus and cortex. Given the immunomod-
ulatory and anti-inflammatory activities of structurally different SAs, it is speculated that
EBN and its potential active component, namely SA may alleviate depression in LPS mice
through anti-inflammatory pathways. However, whether the additional effects of bound
SA in EBN are caused by the change in the form of SA or by the synergistic effect of the
proteins [49,50] bound to it is currently unclear. We require further investigation to specific
mechanism of action of SA at the neurochemical level in future studies, which can guide
interventions for cognitive disorders, provide targets for mood disorder research, and
lead to the development of functional foods or adjunctive medications, promoting the
prevention and treatment of brain diseases.

LPS has varying effects on different inflammatory factors, and the EBN and SA groups
can generally reduce the expression of inflammatory factors. The results showed that indi-
vidual inflammatory factor indexes in LPS female mice did not differ significantly from the
CON group. At the same time, EBN and SA had different levels of interventional effects on
alleviating inflammation in mice, which indicates that SAs in EBN can alleviate the increase
of inflammatory factors in the brain induced by LPS, exerting regulatory activity on neu-
roinflammation [51]. Research has found that EBN affects changes in gut microbiota, often
accompanied by changes in immune cells and inflammatory factors [52], such as the increase
of Bacteroides and Akkermansiaceae and the decrease of Firmicutes in the intestinal flora
caused an increase in the levels of TNF-alpha and improved immunity [53,54]. In addition,
EBN and SA may act on blocking the activation of surface receptors on immune cells (mi-
croglia, astrocytes) [39]. Studies indicate that the modeling method of intraperitoneal injection
of 500 μg/kg or 700 μg/kg LPS for seven consecutive days results in significant loss of hip-
pocampal neurons in mice [23]. Researchers have pointed out that natural small-molecule
substances in food and medicine have neuroprotective effects, and prevention and treatment
strategies may improve neurodegenerative diseases [55]. In experiments, SA has shown
good anti-inflammatory activity, providing a specific reference value for treating neurological
diseases. The EBN and SA groups exert protective effects through anti-inflammatory and anti-
oxidative actions, regulating intracellular signaling pathways and promoting cell repair and
regeneration. However, studies on the combination of EBN with other neuroprotective drugs
are still in the preliminary stage. The combined application of EBN with antioxidant drugs,
anti-inflammatory drugs and brain-derived neurotrophins is a future research direction.

LPS activates genes related to the pathways, while EBN and SA inhibit the expression
of some genes, showing an anti-inflammatory trend. In summary, LPS showed significant
induction of expression on TICAM1, MYD88 and NF-κB p65 genes, which is consistent
with previous studies on the mechanism of LPS-induced inflammatory response [56].
TICAM1, an adaptor molecule with Toll-interleukin-1 receptor domains, is activated after
Toll-like receptors (TLRs) recognize pathogen-associated molecular patterns, which in turn
activates transcription factors such as NF-κB, initiating the expression of genes related to
inflammatory responses [57,58]. LPS triggers the inflammatory response by activating the
TLR4- MYD88-NF-κB signalling pathway and up-regulating inflammation-related genes.
EBN and SA exhibited inhibitory potential in several inflammatory genes. This may imply
that EBN and SA have anti-inflammatory effects, which may be related to inhibition of
LPS-activated inflammatory signaling pathways, such as TLR4-MYD88-NF-κB. The NF-κB
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pathway is at the core of inflammation, and LPS activates the TICAM1-dependent pathway
through TLR4. By screening key targets in the pathway, small molecule inhibitors can be
designed, and functional peptides that mimic the effects of EBN and bound SA can be
developed, combined with gene editing technology to reveal the function and regulatory
network of pathway genes, leading to the development of precise anti-inflammatory
therapies and nutritional health products.

5. Conclusions

LPS significantly elevated the organ index, disrupted the metabolic and physiological
functions of the organism, and led to the decline in learning and memory abilities and
the emergence of depression-like behaviours. However, the organ index was significantly
reduced under EBN and SA treatments, which attenuated the damage of inflammation
to the organs and ameliorated the LPS-induced decline in learning and memory ability.
The EBN group performed better than the SA group in spatial cognitive ability, implying
that the bound SA in EBN may have higher anti-inflammatory activity. In addition, LPS
significantly induced the expression of inflammatory genes (TICAM1, MYD88, and NF-
κB p65), which activated the TLR4-MYD88-NF-κB signalling pathway and triggered an
inflammatory response. EBN and SA exerted their anti-inflammatory effects by inhibiting
the inflammatory signalling pathway. Although EBN and SA showed significant potential
in anti-inflammation and neuroprotection, their specific mechanisms of action require
further study. Future studies should focus on the mechanism of action of SA at the
neurochemical level, as well as the differences in biological activity between bound and free
SAs. In addition, studies on the combined application of EBN with other neuroprotective
drugs will provide an important reference for the development of novel anti-inflammatory
therapies and nutraceuticals.
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