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ABSTRACT: Skin is an important barrier organ of the human body. As we age, the appearance and function of our
skin deteriorate, which poses health risks. The use of edible bird's nest (EBN) to nourish the skin is an ancient method
in Asia. However, the role and mechanism of EBN products in improving human skin aging are still unclear.
Therefore, we conducted a randomized controlled trial that included 92 healthy female volunteers aged 2545 years.
They were randomly divided into the high-dose group, the low-dose group, and the control group, and they completed
a 12-week treatment. The results showed that the consumption of high-dose EBN significantly improved skin moisture
and elasticity by 22.14% and 5.89%, respectively, and significantly reduced the number of deep wrinkles, light
wrinkles and spot area by 18.47%, 0.64%, and 3.05%, respectively. ELISA results showed that EBN decreased the
expression of inflammatory factors (IL-6 and TNF-a) and serum factors (NO, MMP-1, MMP-9). Moreover, EBN can
reverse the aging-induced decreases in SOD and LOX, thus slowing down the aging process. Fecal metagenome
results showed that EBN significantly increased the abundance of beneficial bacteria (Bacteroides uniformis and
Bacteroides_finegoldii). Serum and fecal non-target metabolomic results showed that EBN significantly increased
serum and fecal metabolite (N-methylnicotinamide, 2-deoxyribose S-phosphate, and dimethylmalonic acid)
concentrations compared with the control group. Furthermore, correlation analysis revealed a positive association
between N-methylnicotinamide levels and skin elasticity. These findings suggest that EBN may ameliorate skin aging
by enhancing the diversity of beneficial gut bacteria and their metabolites.
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1. Introduction

The skin is the largest organ in the body, and it has important physiological functions [!*} During aging,

unbalanced structural homeostasis leads to wrinkles, dryness, roughness, spots, and sagging [*l, as well as
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impaired skin function %), Collagen is the main component of dermis, and it plays an essential role in
maintaining skin function ["!. Previous studies have shown that inflammation and oxidative stress can lead to
collagen loss [*l. In addition, age-related gut dysbiosis is increasingly recognized as a critical contributor to
skin aging. It is typified by a loss of beneficial bacteria (e.g., short-chain fatty acid (SCFA) producing
bacteria) alongside an overrepresentation of pro-inflammatory taxa (e.g., Oscillibacter and Alistipes), and a
concomitant depletion of key microbial metabolites (SCFAs). These shifts impair intestinal barrier integrity,
permitting endotoxins to translocate into the systemic circulation, where they initiate low-grade chronic
inflammation, drive extracellular matrix remodeling and collagen degradation, and ultimately manifest
clinically as wrinkles and skin laxity -],

Delaying skin aging has been receiving growing attention. At present, the methods of delaying skin aging
mainly include exogenous intervention and endogenous regulation. Exogenous intervention methods, such as
medical beauty technologies, have a certain operational safety risk ['*]. However, skin care products have low
bioavailability and skin permeability, resulting in insufficient antiaging effect 4. Therefore, endogenous
regulation to delay skin aging has become a new trend. Oral substances such as vitamin C, tea polyphenols,
and probiotics can reduce collagen loss by lowering oxidative stress and inflammation or by regulating gut
microbiota 1319,

In Asia, consuming edible bird's nest (EBN) is a historical method for beauty and health. EBN is a nest
built by swiftlets using their saliva and feathers (!, It contains nutrients such as proteins, carbohydrates,

21l EBN has been proven to have antioxidant, moisturizing,

amino acids, water, fat, and trace minerals |
whitening, and antiaging effects, which make it beneficial to skin health. Previous studies have shown that
supplementation with EBN extracts can maintain the skin thickness of ovariectomized rats, raise the skin’s
water content in photo-aging mice, enhance the expression of Superoxide dismutase (SOD) in epidermal cells,
and downregulate epidermal cell apoptosis, thereby reducing skin damage. Oral EBN extract (200 mg/kg/day)
enhanced skin hydration via a 28% rise in hyaluronic acid synthase and 2-fold upregulation of ceramide
synthase, suppressed MMP-1 by 40% through ERK/INK/AP-1 pathway inhibition, and reduced
transepidermal water loss (TEWL) by 20% [22. Water-extract EBN (100 mg/kg/day) attenuated
oxidative-stress-induced MMP-1 expression by 45% via down-regulating ERK/JNK signaling in
keratinocytes and increased epidermal collagen I/III content by ~30% [23-26]. Moreover, EBN can regulate the
gut microbiome of mice, reducing the proportion of harmful bacteria and increasing the proportion of

a 27281 However, there is still a lack of research on the improvement effects of related

beneficial bacteri
EBN products on human skin aging, and the EBN gut—skin axis mechanism remains unknown.

Therefore, in this study, we conducted a randomized controlled trial to investigate the ameliorative
effects of EBN on skin aging and the underlying mechanisms. The study aimed to provide theoretical support
for the improvement of skin aging by EBN and to provide scientific evidence for the development of EBN

products.

2. Materials and methods
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2.1 Study design

A randomized controlled clinical trial was registered at ClinicalTrials.gov (number:
ChiCTR2400080220). The trial was approved by the Human Research Ethics Committee of China
Agricultural University (the approval number: CAUHR-20220712). Prior to the formal experiment, all

volunteers signed an informed consent form.
2.2 Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) female gender; (2) 25-45 years of age; (3) good condition
without allergic reaction; (4) healthy living and dietary habits; (4) no treatment related to skin improvement;
(5) not leaving Beijing within 3 months; (6) voluntary participation. The exclusion criteria were as follows: (1)
skin allergies; (2) current skin improvement and other related treatments; (3) medical esthetic treatment or any
type of skin surgery received within 3 months prior to enrollment; (4) mental illness, immune system disease,
cardiovascular disease, malignant tumor, coagulation dysfunction, or other diseases. Specifically, participants
were screened to exclude individuals with active dermatological conditions, recent antibiotic use (within the
past month), and ongoing probiotic supplementation. In addition, female volunteers were assessed for
menstrual and hormonal status, and those with significant hormonal fluctuations or on hormone replacement
therapy were excluded to minimize confounding effects. These criteria ensured that our study population was
as homogenous as possible regarding potential factors affecting both skin physiology and gut microbiota. All
participants were instructed to maintain their habitual diet and physical-activity patterns throughout the study
period. Furthermore, during the intervention period, the volunteers were required to refrain from consuming
fermented foods such as kimchi, as well as foods that have significant impacts on the intestinal flora, such as

probiotics and antibiotics.
2.3 Randomization

Assuming a probability of type-I error a=0.05 and the power f=0.20 (confidence level=0.80), it was
calculated that at least 23 women were needed in each group 2. Considering a certain dropout rate during
the trial, it was planned to recruit 90 healthy female participants, with 30 participants in each group, to ensure
the completion. A computer-generated random number sequence was used to create a simple randomization
list. Eligible participants were assigned to treatment groups by a professional statistician following the
pre-specified allocation sequence until all participants had been allocated. Participants were randomized in a

1:1:1 ratio to one of three groups: control group, low-dose group, or high-dose group *1.
2.4 Intervention

The EBN was stewed at 95°C for 38 min according to optimized protocols that align with traditional
preparation practices. The high-dose group consumed 100 g of stewed EBN products daily (with the following
ingredients: purified water, sugar and 5.0 g of dry EBN). The low-dose group consumed 45 g of EBN products
daily (ingredients: purified water, sugar and 2.2 g of dry EBN). The control group maintained their habitual

diet without receiving any placebo intervention and refrained from consuming any EBN-related products.
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2.5 Measurement of skin phenotype

Before the test, the volunteers were not allowed to use any facial skin care products. First, the volunteers
cleaned their faces with water and then sat in a room (constant temperature of 20°C, humidity of 40%—60%)
for 30 min. To reduce diurnal variation and minimize operator bias, all skin assessments were conducted at a
fixed time of day (between 9:00 and 11:00 AM) by the same trained evaluator. All skin assessments were
conducted by assessors who were blinded to the group assignments. The Corneometer® CM 825
(Courage + Khazaka Electronic GmbH, Germany) was used to quantify the moisture content of the skin's
epidermal stratum corneum, while the Cutometer® dual MPA 580 (Courage + Khazaka Electronic GmbH,
Germany) was employed to assess skin elasticity, by using capacitance measurements at three random points
to the left and right of the cheek *+*%). Transparent cards were used to mark and save the detection points,
ensuring that the same subject's detection points were consistent each time. The elasticity measurement index
R2 refers to the ratio of the skin's rebound amount without negative pressure to the maximum stretching

[36] Skin wrinkles and spots area were detected by VISIA skin detector

amount with negative pressure
(Canfield Scientific, USA) for facial photography (using parallel polarized light). Parameters such as the
number of light and deep wrinkles and the spot area (total spot area/total face area x 100%) were analyzed
using the instrument's supporting software (Vplus) *7!, which counts the number of light and deep wrinkles

and the proportion of spot area.
2.6 Detection of serum indexes

Blood samples were collected via venipuncture after the participants had fasted overnight. Blood samples
were centrifuged at 3000 g for 15 min to isolate serum *®). Spare serum was stored at —80°C. Interleukin
(IL)-6, IL-10, tumor necrosis factor-o (TNF-a), super oxide dismutase (SOD), malondialdehyde (MDA),
nitric oxide (NO), lysyl oxidase (LOX), matrix metalloproteinase (MMP)-1, and MMP-9 were detected by
enzyme-linked immunosorbent assay (ELISA) kits (Beijing Siliang Changyuan Biotechnology Co., Ltd.,
Beijing, China). According to the manufacturer’s instructions. Briefly, standards (6, 4, 2, 1, and 0.5 ng/L) and
five-fold—diluted serum samples (50 pL per well) were incubated at 37 °C for 30 min. Wells were then washed
five times with the supplied buffer before the addition of 50 puL detection reagent. After a further wash, 50 pL
of substrate was added and color allowed to develop in the dark at 37 °C for 15 min. The reaction was
terminated by adding 50 pL stop solution, and absorbance was measured at 450 nm. A standard curve was

generated to calculate sample concentrations.
2.7 Fecal metagenome detection

Fresh fecal samples were collected and placed in sterile retention bottles. The samples were immediately
placed on ice and homogenized by Bertin Precellys Evolution sample homogenizer (Bertin Technologies
SAS, France). The samples were stored at —80°C before use. Fecal metagenome was measured by Beijing
Genomics Institution (Shenzhen, China) %), DNA was extracted from the samples. Subsequently, the
qualified DNA samples were randomly broken into fragments with a length of about 500 bp using an

ultrasonic crusher. The entire library was prepared through steps such as end repair, addition of A at the 3' end,
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addition of sequencing adapters, purification, fragment selection, PCR amplification or cyclization of
connecting products, and digestion of unpaired linear DNA. After the library construction was completed,
library sequencing was performed on an Illumina Hiseq platform (Beijing Genomics Institution, China) using
the nearest common ancestor algorithm for gene sequence annotation (implemented by Kraken software). All
predicted gene sequences from all samples were clustered using CD-HIT
(http://www.bioinformatics.org/cd-hit/) with default settings (95% sequence identity and 90% alignment
coverage). The longest sequence in each cluster was chosen as the representative to construct a non-redundant
gene catalogue. The non-redundant gene catalog was aligned against the NCBI NR database using
DIAMOND (BLASTP, version 2.2.28+; http://blast.ncbi.nlm.nih.gov/Blast.cgi) with an e value cutoff of
1x107°. Taxonomic annotations were assigned based on the NR database’s taxonomy information. For each
taxon, its abundance in a given sample was calculated as the sum of the abundances of all genes annotated to
that taxon. Relative abundances were then aggregated at each taxonomic rank—Domain, Kingdom, Phylum,

Class, Order, Family, Genus, and Species—to generate corresponding abundance profiles for all samples
[40-41]

For the analysis of a diversity of gut microbiota (Chaol index, Shannon index) and relative abundance of
various bacterial genera, the R 4.0 software Vegan package was used. For the analysis of B diversity, the
Euclidean distance was calculated based on species abundance and was visualized using Principal Coordinates
Analysis (PCoA) graphs. Linear discriminant analysis effect size (LEfSe) analysis was used for difference

analysis, and linear discriminant analysis (LDA) was used to obtain different species between the groups.
2.8 Detection of non-target metabolome in serum and fecal samples

Serum and fecal metabolite tests were conducted by Shanghai Biotree Biomedical Technology Co., Ltd.
(Shanghai, China). Metabolites were detected by ultrahigh-performance liquid chromatography (HPLC). For
serum samples, 100 pL of each serum sample was transferred into a centrifuge tube, and 400 pL of extraction
solution (methanol: acetonitrile=1:1 (V/V)) was added, which contained an isotope-labeled internal standard.
Then, the system was vortexed for 30 s and sonicated for 10 min (in an ice water bath). After that, it was kept
at —40°C for 1 h and centrifuged at 4°C and 12000 r/min for 15 min. The supernatant was transferred to an
injection bottle for testing, and an equal amount of supernatant from all samples was mixed to form a
quality-control sample for testing. Chromatographic separation of target compounds was performed using a
Vanquish UHPLC system (Thermo Fisher Scientific, USA) equipped with a Waters ACQUITY UPLC BEH
Amide column (2.1 mm X% 50 mm, 1.7 um). Mobile phase A consisted of water containing 25 mmol/L
ammonium acetate and 25 mmol/L ammonia, and mobile phase B was acetonitrile. The autosampler tray was
maintained at 4 °C, and the injection volume was 2 pL. Mass spectrometric data (MS' and MS?) were acquired
on an Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific, USA) controlled by Xcalibur
software (version 4.4). Instrument parameters were set as follows: sheath gas flow rate, 50 Arb; auxiliary gas
flow rate, 15 Arb; capillary temperature, 320 °C; MS' resolution, 60 000; MS? resolution, 15 000; normalized
collision energies (NCE), 20/30/40; and spray voltage, 3.8 kV in positive mode or —3.4 kV in negative mode.
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After converting the raw data into XML format using ProteoWizard software, they were compared with the
BiotreeDB (V3.0) database for metabolite identification (Shanghai, China).

For fecal samples, 25 mg of each sample was weighed at low temperature into a centrifuge tube with
homogenization beads. For the analysis of serum and fecal metabolites, PCA was performed using SIMCA
software (V16.0.2) [**!. The value criteria used were based on two indicators, namely p value of Student’s t test
and Variable Importance in the Projection (VIP) of the first principal component of the OPLS-DA model.

Typically, P < 0.05 and VIP > 1 indicate significant differences in metabolite content 4],
2.9 Statistical analysis

The intention-to-treat (ITT) set was used for the analysis in this study. In the ITT set, missing values were
imputed based on the last observation carried forward method. Statistical analysis was conducted using SAS
V8. Continuous variables with normal or approximately normal distribution were presented as the mean +
standard deviation. Paired-sample t test and paired-sample rank-sum test were used for the comparison before
and after a single group trial. For skin phenotypes and serum biomarkers analyses, we applied the One-way
ANOVA with Bonferroni correction to control for multiple comparisons and reduce the risk of false-positive
results. We performed the rank-sum test on the data that followed a skewed distribution. P < 0.05 indicated
statistically significant differences, while P < 0.01 indicated extremely significant differences. For
microbiota, and metabolomics analyses, we applied the False Discovery Rate (FDR) correction to control for
multiple comparisons and reduce the risk of false-positive results. The number of tests subjected to FDR
correction corresponded to the number of taxa or metabolites assessed in each analysis, with a threshold of q <
0.05.

3. Results
3.1 Baseline characteristics

A total of 432 valid questionnaires were received for this study, of which 284 were excluded for not
meeting the enrolment requirements, and 148 women participated in the cheek skin elasticity re-screening
(Table 1 & Figure 1). Based on the on-site elasticity results, considering the target of 90-person enrollment,
volunteers with elasticity values R2 below 0.600 were included. Finally, 92 women signed an informed
consent form to participate in the experiment. They were divided into the following three groups through a
minimum random grouping method: the high-dose group (31 individuals), the low-dose group (31
individuals), and the control group (30 individuals). During the trial, eight individuals were removed from the
group, with a dropout rate of 8.70%. In the end, 28 individuals in each group completed the trial. As shown in
Table 1, there were no significant differences among the three groups in terms of age, body mass index (BMI),

skin phenotype, exercise habits, smoking status, or alcohol consumption.

Table 1 Baseline characteristics of the subjects

High-dose group Low-dose group Control group P value
(28 women) (28 women) (28 women)

Age (years) 36.5+5.8 362+5.9 354+50 >0.05
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BMI (kg/m2) 224+29 22.1+3.1 229+3.6 > (.05
Dietary habit (regular/irregular)  24/4 25/3 24/4 >0.05
Exercise (times/week) 4 4 4 >0.05
Smokers
(non-smoker/ex-smoker/smoker) 28/0/0 28/0/0 28/0/0 > 0.05
Drinking (non-drinker/quit
drinking/currentdrinker) 27/0/1 27/0/1 27/0/1 > 0.05
Elasticity R2 0.536 +0.04? 0.538 +£0.05* 0.536 +0.04* >0.05
Moisture (Au) 52.923+7.39 51.578+8.45 51.188+10.28 > (.05
deep wrinkles (count) 284.75+£139.91 322.536+160.15 297.206+133.13 >0.05
light wrinkles (count) 662.321+110.36 631.357+100.63 674.321+£90.72 >0.05
spots area (%) 12.220+1.68 11.779+1.65 12.196+1.89 >0.05

>10000 (54.8%) >10000 (54.8%) >10000 (56.7%) >0.05
Monthly income 5000-10000 (35.5%) 5000-10000 (29.0%) 5000-10000 (33.3%)
(yuan) 3000-5000 (6.5%) 3000-5000 (12.9%)  3000-5000 (10.0%)

<3000 (3.2%) <3000 (3.2%) <3000 (0%)

Doctor (16.1%) Doctor (29.0%) Doctor (3.3%) >0.05

Master’s (29.0%) Master’s (25.8%) Master’s (23.3%)
Education level Undergraduate Undergraduate Undergraduate

(41.9%) (35.5%) (60.0%)

College degree or College degree or College degree or

below (16.1%) below (12.9%) below (13.3%)

< 0 < 9 < 0 >
Duration of solar radiation in the 2% 5(224 6/‘(’)/1) 235(’8.5%3;2) 2% 5(2373/3/)0) 0.05
past year (hours/day) >5 (0%) >5 (0%) >5 (0%)

Note: The same letter annotation in the upper right corner of each line indicates no significant difference. BMI: body mass
index (weight in kilograms divided by the square of the height in meters)

registration questionnaire

‘ Preliminary screening of ’
(432 women)

Excluding 284 women (ages not included, not residing in Beijing,
recent or ongoing skin treatment, etc.)

Elastic testing and re-
screening (148 women)

*{Excluding 56 individuals (skin elasticity R2 > 0.600) ]

[ Formally enrolled (92women) }

l l

[High-dose group(31 women)] [ Low-dose group(31 women) } [ ControL group(30 women) ]

3 women 3 women 2 women
exited exited exited

[High-dose group(28 women)] [ Low-dose group(28 women) } [ ControL group(28 women) ]

Fig. 1. Flowchart of subject selection.
Note: The elasticity measurement index R2 refers to the ratio of the skin's rebound amount without negative pressure to the
maximum stretching amount with negative pressure.

3.2 Effect of EBN on skin function

To evaluate the skin function of the volunteers, Corneometer CM 825, Cutometer MPA 580 and VISIA
were used to detect skin indicators (skin moisture, elasticity, wrinkles, and spots area). A high skin moisture
content is beneficial for promoting cell metabolism and repair, enhancing the skin's barrier function; elasticity
and wrinkles are the most obvious and profound external indicators of skin aging; and aging is also

accompanied by increased spots.



S.J. Yu et al. / Food Science and Human Wellness 16 (2027)

As shown in Figure 2A-E, we analyzed the changes of skin phenotypes in the high-dose and low-dose
groups after intervention. After 12 weeks of EBN intervention, the skin moisture, elasticity (R2), deep
wrinkles, light wrinkles, and spot area of V3-High changed by 22.14% (P < 0.0001), 5.89% (P = 0.0001),
—18.47% (P = 0.0336), —0.64% (P > 0.05), and —3.05% (P > 0.05), respectively, compared with VO-High.
The skin moisture, elasticity (R2), deep wrinkles, light wrinkles, and spot area of V3-Low changed by 20.62%
(P < 0.0001), 4.60% (P = 0.0130), —15.93% (P = 0.0451), —2.49% (P > 0.05), and 0.67% (P > 0.05),
respectively, compared with VO-Low. We then analyzed the difference between the high-dose and control
groups after 12 weeks of intervention. The results showed that compared with V3-Con, the moisture and
elasticity of V3-High were significantly increased by 13.42% (P < 0.05) and 5.07% (P < 0.05), respectively,
and the number of deep wrinkles was significantly decreased by 35.56%. Finally, we compared the change
values among the high-dose, low-dose, and control groups. There were significant differences in the change
values of moisture, elasticity (R2), deep wrinkles, and spot area between the high-dose group and the control
group. In contrast, only the change value of deep wrinkles in the low-dose group was significantly different

from that in the control group, indicating that EBN in the high-dose group could significantly improve the skin

phenotype.
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Fig. 2. Effect of EBN on skin phenotype between week 0 (V0) and week 12 (V3). (A—B) Values of cheek moisture and the
changes; (B) Values of cheek elasticity R2 and the changes; (C) Numbers of facial deep wrinkles and the changes; (D)
Numbers of facial light wrinkles and the changes; (E) Proportions of facial spot area and the changes.

Note: Paired t-tests were used to assess within-group differences before and after the intervention, while one-way ANOVA
was employed to evaluate between-group differences following the intervention. "*" indicates a significant difference (P <

0.05), "**" indicates a highly significant difference (P < 0.01). The error bars represent the standard deviation of the mean
(SD).
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3.3 Effect of EBN on serum inflammatory factors

Inflammatory response is one of the main causes of collagen loss, which leads to skin aging. Therefore, to
evaluate the level of inflammation in the volunteers, the concentrations of IL-6, TNF-a, and IL-10 in serum
were tested by ELISA kits. As shown in Figure 3A—C, compared with VO-High, the levels of IL-6 and TNF-a
in V3-High significantly decreased by 22.51% (P < 0.0001) and 23.79% (P < 0.0001), respectively, and there
was no significant change in the level of IL-10 in V3-High. Compared with VO-Low, the levels of IL-6,
TNF-a, and IL-10 in V3-Low significantly decreased by 34.20% (P < 0.0001), 23.61% (P < 0.0001), and
37.19% (P < 0.0001), respectively.
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Fig. 3. Effect of EBN on concentrations and the changes of inflammatory factors in serum between week 0 (V0) and week 12
(V3). (A) Values of concentrations of IL-6 and the changes; (B) Values of concentrations of TNF-a and the changes; (C)
Values of concentrations of IL-10 and the changes.

Note: Paired t-tests were used to assess within-group differences before and after the intervention, while one-way ANOVA
was employed to evaluate between-group differences following the intervention. "**" indicates a highly significant difference
(P < 0.01). The error bars represent the standard deviation of the mean (SD).

We then compared the change values of inflammatory cytokines among the high-dose, low-dose, and
control groups. We found that the IL-6 change values in the high- and low-dose groups were significantly
lower than those in the control group (IL-6 changes [con vs. high]: —0.08 vs. —1.12 ng/L, P < 0.01;
IL-6 changes [con vs. low]: —0.08 vs. —1.63 ng/L, P < 0.01]. There were no significant differences in TNF-a
and IL-10 changes among the three groups. These findings indicate that consuming EBN may reduce the
levels of proinflammatory factors IL-6 and TNF-a, maintain stable levels of anti-inflammatory factor IL-10,

and facilitate the reduction of inflammatory response.
3.4 Effect of EBN on serum indicators of oxidative stress

Oxidative stress is one of the main causes of collagen loss, which leads to skin aging. Therefore, to
evaluate the level of oxidative stress in the volunteers, the concentrations of NO, MDA, and SOD in serum

were tested by ELISA kits. As shown in Figure 4A—-C, intra-group comparisons revealed that the
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concentrations of NO, MDA, and SOD concentration of V3-High changed by —14.18% (P = 0.0384), 0.18%
(P > 0.05), and 3.05% (P > 0.05), respectively, compared with VO-High. The concentrations of NO, MDA,
and SOD of V3-Low changed by —2.71% (P > 0.05), =5.19% (P > 0.05), and —18.69% (P = 0.0124),
respectively, compared with VO-Low. Inter-group comparisons showed that the NO content of V3-High and
V3-Low was significantly decreased compared with that of V3-Con, while MDA and SOD concentrations
were not significantly different.
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Fig. 4. Effect of EBN on concentrations and the changes of oxidative stress factors in serum between week 0 (V0) and week
12 (V3). (A) Values of concentrations of NO and the changes; (B) Values of concentrations of MDA and the changes; (C)
Values of concentrations of SOD and the changes.

Note: Paired t-tests were used to assess within-group differences before and after the intervention, while one-way ANOVA
was employed to evaluate between-group differences following the intervention. "*" indicates a significant difference (P <
0.05), "**" indicates a significant difference (P < 0.01). The error bars represent the standard deviation of the mean (SD).

In addition, the change value in the high-dose group was significantly higher than that in the control
group (SOD_changes [con vs. high]: —=26.18 vs. 3.77 pg/mL, P < 0.05) (Figure 4C). These findings indicate
that consuming EBN may increase SOD content, reduce NO content, improve the body's antioxidant capacity,

eliminate free radicals, and reduce oxidative stress.
3.5 Effect of EBN on collagen-related factors

To evaluate collagen conditions, the levels of MMP-1, MMP-9, and LOX were detected in serum. As
shown in Figure SA—-C, intra-group comparisons revealed that the concentrations of MMP-1, MMP-9, and
LOX of V3-Con changed by 8.76% (P > 0.05), 9.64% (P > 0.05), and —7.76% (P > 0.05), respectively,
compared with those of VO-Con. However, the concentrations of MMP-1, MMP-9, and LOX of V3-High
changed by 6.04% (P > 0.05), —4.66% (P > 0.05), and —2.01% (P > 0.05), respectively, compared with those
of VO-High. The concentrations of MMP-1, MMP-9, and LOX of V3-Low changed by 10.03% (P > 0.05),
—0.02% (P > 0.05), and —9.40% (P > 0.05), respectively, compared with those of VO-Low.
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Fig. 5. Effect of EBN on concentrations and the changes of collagen-related factors in serum between week 0 (V0) and week
12 (V3). (A) Values of concentrations of MMP-1 and the changes; (B) Values of concentrations of MMP-9 and the changes;
(C) Values of concentrations of LOX and the changes.

Note: Paired t-tests were used to assess within-group differences before and after the intervention, while one-way ANOVA
was employed to evaluate between-group differences following the intervention. "*" indicates a significant difference (P <
0.05). The error bars represent the standard deviation of the mean (SD).

Inter-group comparisons showed that there was no significant difference between VO0-High and
VO0-Con.The concentrations of MMP-1 and MMP-9 of V3-High were significantly decreased compared with
those of V3-Con. LOX concentration of V3-High was significantly increased compared with that of V3-Con.
We also found that the MMP-1, MMP-9, and LOX change values in the high- and low-dose groups were not
significantly different from those in the control group. These results suggest that with aging, serum
concentrations of MMP-1 and MMP-9 increase and LOX concentrations decrease, and that EBN intervention

can delay the changes in these indicators, suggesting that bird's nest has the potential to ameliorate aging.
3.6 Effect of EBN on gut microbiota

The a diversity results of gut microbiota was shown in Figure 6A—B. There were no significant changes
in Chaol and Shannon indexes after the intervention. However, compared with V3-Con, the Shannon
diversity of V3-High was significantly reduced. The B diversity results of gut microbiota was shown in Figure
6C. The sample points in each group were relatively dense, indicating that there was no significant difference
within the group. When comparing B-diversity between the high-dose and control groups, PCoA analysis
revealed a statistically significant separation (P = 0.022; Figure S1), indicating a meaningful difference in
community composition and thereby reinforcing our conclusion that the two groups exhibit distinct gut
microbiota structures.

In terms of composition, the dominant bacteria at the phylum level were Bacteroidota, Bacillota,
Pesudomonadota, and Uroviricota (Figure 6D). At the genus level, the dominant bacteria were Bacteroides,
Phocaeicola, Faecalibacterium, Clostridium, Ruminococcus, and Lachnospira (Figure 6E). LEfSe analysis

revealed significant differences in bacteria (P < 0.05 and LDA score>3) between V3-High and V3-Con
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(Figure 6F-G); that 1is, compared with V3-Con, V3-High was significantly enriched with

Bacteroides _uniformis and Bacteroides_finegoldii.
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Fig. 6. Effects of EBN on gut microflora. (A—B) a diversity of gut microbiota; (C) B diversity of intestinal microbiota; (D)
Composition of microbiota at the phylum level; (E) Composition of microbiota at the genus level; (F—-G) LEfSe analysis.

In order to further explore the functions of the microbiota, we employed KEGG (Figure S2A) and CAZy
(Figure S2B) analysis to predict microbiota functional pathways, including those involved in SCFA synthesis.
As shown in Figure S2A, other glycan degradation, galactose metabolism, glycosaminoglycan degradation are
up-regulated in the V3-high group. These pathways provide fermentable sugars and pyruvate precursors that
fuel bacterial SCFA synthesis via glycolytic and acetyl-CoA dependent routes. The results shown in Figure
S2B indicate glycoside hydrolases was significantly enriched in V3-high group. Systemic SCFAs act on
keratinocyte GPR receptors to enhance epidermal differentiation and tight-junction protein expression,
improving hydration and elasticity while reducing wrinkle formation. These results support a mechanistic link

between gut microbiota-derived metabolites and skin health.
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3.7 Effect of EBN on fecal metabolites

A total of 2276 metabolites were detected in fecal using an untargeted metabolomics method. The PCA
results of fecal metabolites are shown in Figure 7A—C. The horizontal axis PC [1] and the vertical axis PC [2]
represent the scores of the first and second ranked principal components, respectively. The results showed that
there was no significant difference between the different groups. Volcano plots in Figure 7D-E show the
differences in fecal metabolites between before and after intervention. Compared with VO-High, 361
metabolites increased and 26 metabolites decreased in V3-High (Figure 7D). Compared with V3-Con, 686
metabolites increased and 33 metabolites decreased in V3-High (Figure 7E). Figure 7F shows the heat maps of
metabolites in VO-High and V3-High. Specifically, EBN intervention significantly upregulated the levels of

2-keto-3-deoxygluconic acid, 2-keto-3-deoxygalactonic acid, alanine, sarcosine, and beta-alanine.
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Fig. 7. Fecal metabolites in the high-dose and control groups at week 0 (V0) and week 12 (V3). (A—C) PCA results of fecal
metabolites in the high-dose and control groups for different intervention periods; (D—E) Volcano plots of fecal metabolites;
(F) Heat maps of different fecal metabolites in V3-High and V0-High.

3.8 Effect of EBN on serum metabolites

The PCA results of serum metabolites are shown in Figure 8 A—C. The sample points were mostly within
the 95% confidence interval, and the degree of separation between the four groups was not high, indicating
that there was no significant difference in serum metabolites between before and after the intervention and
between different groups. A total of 1063 metabolites were detected in the serum, of which 59 metabolites
were significantly upregulated and 287 metabolites were significantly downregulated in V3-High compared
with VO-High (Figure 8D). Compared with V3-Con, 127 metabolites were significantly upregulated and 90
metabolites were significantly downregulated in V3-High (Figure 8E). Heat map in Figure 8F shows the top
40 metabolites that were significantly increased in V3-High, such as N-methylnicotinamide,
2-methylnicotinamide, 6-methylnicotinamide, Ser-Ala, L-leucyl-L-alanine, propyl paraben, Leu-Val,

2-piperidone, Phe-Leu, and others.
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Fig. 8. Serum metabolites in the high-dose and control groups at week 0 (V0) and week 12 (V3). (A—C) PCA results of serum
metabolites in the high-dose and control groups for different intervention periods; (D—E) Volcano plots of serum metabolites;
(F) Heat maps of different serum metabolites in V3-High and V0-High; (G-I) Relative abundance of N-methylnicotinamide,
dimethylmalonic acid, and 2-deoxyribose 5-phosphate in the serum; (J) Correlation analysis of the significantly increased
fecal metabolites and the skin phenotypes compared with VO-High and V3-Con; (K) Correlation analysis of the significantly
increased serum metabolites and the skin phenotypes compared with VO-High and V3-Con.

Note: "*" indicates P < 0.05, "**" indicates P < 0.01. High-dose group n=28, control group n=28. The error bars represent the
standard deviation of the mean (SD).

To further screen out metabolites significantly enriched in the serum and fecal of V3-High before and
after intervention, we compared the significant enrichment of metabolites in serum and fecal between
V3-High and VO0-High and between V3-High and V3-Con. We found that N-methylnicotinamide,
2-deoxyribose 5-phosphate, and dimethylmalonic acid were simultaneously enriched in the serum and fecal of
V3-High, and these substances may be associated with altered skin phenotypes (Figure 8G-I).

Spearman correlation analysis revealed the correlation between the enriched metabolites and the skin

phenotype. Figure 8G—H shows the relationship between the skin phenotype and serum and fecal metabolites.



S.J. Yu et al. / Food Science and Human Wellness 16 (2027)

Analysis of fecal metabolites and phenotypic parameters revealed that fecal N-methylnicotinamide was
significantly positively correlated with skin moisture (R = 0.89, P < 0.001) and elasticity R2 (R =0.90, P <
0.001), and significantly negatively correlated with light wrinkles (R = —0.91, P < 0.001), spots area (R =
—0.90, P < 0.001), and deep wrinkles (R =—-0.91, P < 0.001). Similarly, analysis of serum metabolites and
phenotypic parameters showed that serum N-methylnicotinamide was significantly positively correlated with
skin moisture (R = 0.87, P < 0.001) and elasticity R2 (R = 0.86, P < 0.001), and significantly negatively
correlated with light wrinkles (R =—-0.90, P < 0.001), spots area (R =—0.89, P < 0.001), and deep wrinkles (R
=-0.88, P < 0.001).

Furthermore, we performed Spearman correlation to assess relationships between key bacteria and
differential metabolites (Figure. S3). Notably, the relative abundance of Bacteroides uniformis correlated
strongly with N-methyl-nicotinamide levels in both fecal (R= 0.94, P < 0.001) and serum (R= 0.85, P <
0.001) samples. These associations reinforce a mechanistic link between gut microbial shifts and metabolite
regulation, underscoring their potential role in modulating skin function. Taken together, our results
demonstrate that EBN may improve skin phenotypes by modulating the composition and levels of
metabolites, attenuating skin-related inflammation and oxidative stress, and downregulating the expression of

collagen-related factors.

4. Discussion

The skin is an important barrier organ in the human body. Aging can cause damage to the skin’s function
and appearance, posing significant health risks. External interventions such as medical beauty treatments and
applying skincare products have issues such as unsafe operation and insufficient effect. Thus, internal dietary
therapy has become a new trend. It is a time-honored method to consume EBN for nourishing the skin. In
recent years, EBN has been proven to delay skin aging. However, there is a lack of confirmation on the
improvement effects of EBN products on human skin, and the related mechanisms of improving skin health
are still unclear. Therefore, we conducted a randomized controlled trial to investigate the improvement effect
of EBN on skin aging and the underlying mechanism.

The results of this study showed that after EBN intervention, the skin function (moisture, wrinkles,

elasticity, and deep spots) in the EBN high- and low-dose groups was significantly improved compared

with the state before the experiment. This is consistent with the results of two previously reported EBN

interventions on population skin moisture test 129431,

However, the sodium hyaluronate and collagen
components added to the EBN beverage in those two studies may have interfered with the effects, whereas the
food tested in our study only contained EBN (a new stewing process), purified water, and a small amount of
rock sugar. Thus, our study could prove the effectiveness of EBN in improving skin moisture and elasticity.
However, owing to lack of matched inert placebo, this study did not include a placebo control. Future trials
will incorporate a rigorously formulated placebo to address this issue explicitly. Another study using EBN

extract in a capsule form (trial duration of 12 weeks) showed no significant improvement in skin moisture

after intervention. Our study indicated that EBN had a positive improvement effect on elasticity and wrinkles,
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which is more significant than that in the study of consuming EBN extract in a capsule form (trial duration of
12 weeks) 3!l once again confirming the effectiveness of the new stewed EBN supplement form.

Inflammation and oxidative stress can induce skin collagen loss, which leads to skin aging.
Proinflammatory factors, chemokines, and other factors promote chronic inflammation in the dermis,
affecting the functional status of adjacent cells, leading to fibroblast aging, and accelerating the degradation of
collagen I and IIT ¥, Cell and animal experiments [/ confirmed that EBN digestive fluid significantly
reduced the mRNA expression of IL-1p, IL-6, and TNF-a in keratinocytes induced by TNF-a and skin tissues
of mice with dermatitis. In this study, the levels of IL-6 and TNF-a were significantly reduced in the high-dose
and low-dose EBN groups after the intervention, and IL-6 levels were significantly lower than those in the
control group at the end. The IL-10 concentration in the high-dose group did not show significant changes
compared with the baseline, while the control group showed a significant decrease. These findings indicate
that consuming EBN can reduce the levels of serum proinflammatory factors (IL-6 and TNF-a), maintain
stable levels of anti-inflammatory factor (IL-10), and exert anti-inflammatory effects, thereby reducing
inflammatory reactions and promoting skin health.

When a large amount of free radicals such as NO are produced in the body and antioxidant enzymes such
as SOD are not sufficiently cleared, free radicals are prone to accumulation. The final product MDA causes
damage to lipids, proteins, and nucleic acids, leading to cellular aging and activating the MMPs, thereby
triggering the downregulation of collagen production and leading to dermal aging. The researchers found that
EBN could increase the antioxidant and reduced the oxidative stress levels in non-pregnant rats [, Kim [22:46]
confirmed that the water extract of EBN could ecliminate free radicals in skin HaCaT cells, reduce MMP-1
expression, and achieve antiaging by downregulating the expression of the ERK/JNK/AP-1 pathway. In this
study, there was no significant change in SOD content in the high-dose group after the trial. After 12 weeks,
the NO content in the high-dose group significantly decreased compared with baseline, while there was no
significant change in the low-dose group. The NO content in the high-dose and low-dose groups after the trial
was significantly lower than that in the control group. Hence, consuming EBN may increase SOD content,
reduce NO content, enhance the body's antioxidant capacity, eliminate free radicals, reduce oxidative stress,
and delay the aging of skin.

The net content of collagen is one of the absolute indicators for measuring the youthful state of the skin.
During aging, there is a significant loss of skin collagen. The loss can be explained by two pathways, namely
reduced generation and increased degradation. The generation pathway of collagen is mainly initiated and
regulated by the LOX family of proteins. During aging, the expression of LOX decreases, hindering the
activation of transforming growth factor-p and receptors/Smad2/Smad3 pathway and downregulating the
expression of procollagen genes 7). In this study, there was no significant change in LOX content in the
high-dose group after the trial compared with baseline, while the control group showed a decreasing trend.
The LOX content in the high-dose group after the trial was significantly higher than that in the control group,

indicating that consuming EBN can increase serum LOX levels and help maintain collagen production levels.
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The degradation pathway of collagen is usually mediated by oxidative stress and inflammatory response,
and MMPs are specifically upregulated through the ROS/MAPK/AP-1/NF-kB pathway. MMPs are
responsible for degrading extracellular matrix (ECM), especially collagen. Among them, MMP-1 is the main
protease that causes collagen fiber fragmentation. Next, the gelatinase MMP-9 (the core of ECM degradation)
is responsible for further degradation of the collagen fragments 3% Inhibiting the activity of AP-1 and
reducing the expression of MMP-2, MMP-3, and MMP-9 can reduce the generation of wrinkles °!. For
example, Bae JY ®?l used tannic acid in photoaging model mice and effectively inhibited wrinkle formation by
reducing the expression of MMP-1. In this study, the levels of MMP-1 and MMP-9 in the high-dose group
after intervention were significantly lower than those in the control group. These findings indicate that
consuming EBN can reduce serum levels of MMP-1 and MMP-9, which is beneficial for delaying collagen
degradation. This study also suggests that consuming EBN may increase LOX content during the aging
process and reduce MMP content by reducing oxidative stress and inflammatory response, thereby
maintaining collagen production, inhibiting collagen degradation, reducing collagen loss.

The perspective of the gut—skin axis indicates an association between gut microbiota and skin health. For
example, Ting Gao "% achieved reverse regulation of the disrupted gut microbiota in aging mice by orally
administering Bifidobacterium longum 68S, maintaining microbial homeostasis, improving ceramide
synthesis disorders, and repairing skin barrier dysfunction. The analysis of a diversity and B diversity showed
that consuming EBN did not alter the overall structure of gut microbiota. In our study, the 12-week trial of
stewed EBN (within 5 g of dry EBN) did not affect the diversity, richness, and overall structure of the gut
microbiota. Consuming EBN significantly enriched Bacteroides uniformis and Bacteroides_finegoldii, which
produce short-chain fatty acids **34. Bacteroides uniformis appears to enhance epithelial barrier function and
suppress inflammation through SCFA production, TLR2/IL-10 upregulation 371, Although direct skin
model validation is pending for Bacteroides finegoldii, its genus-level PSA suggest analogous benefits for
skin barrier repair and anti-inflammatory activity [°%],

To further detect the changes of metabolites in the faces and serum of the volunteers before and after
EBN intervention, non-targeted metabolomics analysis was performed in this study. It was found that
N-methylnicotinamide, 2-deoxyribose 5-phosphate, and dimethylmalonic acid were simultaneously enriched
in the serum and fecal of V3-High. N-Methylnicotinamide, a principal plasma metabolite of nicotinamide, has
been shown to be effective in the treatment of skin disorders such as acne vulgaris and rosacea and possesses

notable anti-inflammatory properties 7],

In our experiment, correlation analysis showed that
N-methylnicotinamide significantly positively correlated with skin moisture and elasticity. These results
indicate that EBN may improve skin function by regulating the gut microbiome and metabolites. However, the
precise molecular mechanisms by which N-methylnicotinamide attenuates cutaneous inflammation have yet
to be elucidated (%061,

A growing body of evidence supports multiple indirect “gut—skin axis” mechanisms by which intestinal

microbes influence skin physiology. SCFAs produced by gut bacteria enter the bloodstream and modulate
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distal barrier tissues. In skin, SCFAs engage GPR on keratinocytes and resident immune cells, inhibiting
NF-kB—driven pro-inflammatory cytokine release and promoting tight-junction protein expression, thereby

[57.621 Tn addition, gut microbes modulate

enhancing barrier integrity and reducing dermatitis in animal models
systemic T-cell subsets (e.g., increasing Tregs via SCFA mediated histone deacetylase inhibition), leading to a
more tolerogenic immune environment that can attenuate skin inflammation. Microbial metabolites can
influence hypothalamic-pituitary-adrenal (HPA) axis activity, thereby altering cortisol levels and skin barrier
homeostasis under stress [®3]. In our study, we found beneficial bacteria associated with short acid production
and other metabolites in the intestine, which may be associated with the improvement of skin after

consumption of EBN.

5. Conclusion

We conducted a randomized controlled trial to investigate the improvement effect of EBN on skin aging
and the underlying mechanism. We found that EBN had antiaging effects on the skin of healthy women.
Consumption of high-dose EBN significantly improved skin moisture elasticity and elasticity by 22.14 and
5.89%, respectively, and significantly reduced the number of deep wrinkles, light wrinkles and the proportion
of skin spot area by 18.47%, 0.64%, and 3.05%, respectively. EBN improved skin aging by increasing the
abundance of beneficial microbiota Bacteroides uniformis and Bacteroides_finegoldii in the intestine and by
increasing the beneficial metabolites such as N-methylnicotinamide. Specifically, we explain that microbial
metabolites such as SCFA production bacteria can enhance skin barrier function by promoting moisture
retention and modulating local inflammatory responses. In parallel, compounds like N-methylnicotinamideare
known to improve skin physiology by reduce inflammation. These mechanistic insights, linked to the gut—skin
axis, provide a clearer rationale for how alterations in the gut microbiota may directly influence skin health.
However, there are some limitations to this study. For example, this study recruited only female volunteers,
did not evaluate the skin microbiome, nor conduct follow-up validation experiments involving microbial or

metabolite supplementation. We will address these aspects in future research.
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