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Edible bird’'s nest regulates glucose and lipid
metabolic disorders via the gut—liver axis in obese
micet

Wei Zhang,$*° Meizhen Zhu,$*® Xuncai Liu,® Maoyao Que, Kelsang Dekyi,>°
Linxi Zheng,?® Yichen Zhang,®® Youping Lv,>® Qunyan Fan,*¢ Xinyue Wang*®¢ and
Hongwei Li (2 2

Edible bird's nest (EBN) is a traditional food known for its nourishing and functional properties and is
found to be involved in anti-oxidation, anti-aging, and anti-influenza mechanisms, immune regulation,
and improving cardiovascular diseases, among others. However, the potential of EBN to improve glyco-
lipid metabolism disorders in high-fat-diet induced obesity and the underlying mechanisms remain unex-
plored. We examined the effects of EBN on glycolipid metabolism in obese mice fed a high-fat diet. Male
C57BL/6J mice were fed a high-fat diet for 8 weeks to establish an obesity model. The obese mice were
selected and divided into six groups: two model control groups (normal and high-fat diets) and four inter-
vention groups [Neu5Ac and low-, medium-, and high-dose EBN], with 12 mice in each group. After 10
weeks of continuous gavage intervention, only mice in the high-dose EBN intervention group had lower
body weight and total fat content, especially visceral fat. Meanwhile, intervention with three doses of EBN
reduced serum FBG, TC, LDL, Ox-LDL, IL-1p, IL-6, and TNF-a levels and increased serum HDL levels and
energy expenditure. Using the high dosage as a paradigm, EBN intervention increased the sialic acid
content in LDL, decreased TMAO in the liver, and increased GLP-1 levels in sera. EBN increased the
colonic abundances of Akkermansia, Lactobacillus, and Desulfovibrio and reduced those of Lysinibacillus
and Bacillus. The changes in the microbial community contribute to increasing colonic bile acids, redu-
cing lipopolysaccharide synthesis to protect the intestinal barrier, and lowering inflammation levels.
Changes were also observed in colonic transcripts and metabolites and liver gene transcripts and metab-
olites, which were mainly enriched in pathways of glycolipid metabolism, immune function amelioration,
inflammatory signal mitigation, circadian rhythm, bile acid metabolism and insulin resistance. Therefore,
EBN may enhance the gut microbiota and intestinal immunity, relieve chronic inflammation levels in
serum, improve antioxidant capacity and circadian rhythm in the liver, promote bile acid metabolism, and
decrease lipid absorption and lipid synthesis via the gut-liver axis. Consequently, this may reduce blood
lipid and fat accumulation as well as improve islet function and reduce blood glucose levels.

Introduction

“State Key Laboratory of Vaccines for Infectious Diseases, Xiang-An Biomedicine
Laboratory, School of Public Health, Xiamen University, China.

E-mail: rocque@xmu.edu.cn; Fax: +86-0592-2181578; Tel: +86-18905920451

bState Key Laboratory of Molecular Vaccinology and Molecular Diagnostics, National
Innovation Platform for Industry-Education Integration in Vaccine Research, Xiamen
University, China

‘Xiamen Yan Palace Seelong Biotechnology Co., Ltd, Xiamen 361100, China.

E-mail: 23095216@qq.com

“Department of Nutrition, Zhongshan Hospital (Xiamen), Fudan University, Xiamen,
Fujian Province, China. E-mail: wang.xinyue@zsxmhospital.com

“Xiamen Clinical Research Center for Cancer Therapy, China

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4f000563e

{These authors contributed equally to this study.

This journal is © The Royal Society of Chemistry 2024

Obesity, defined as abnormal or excessive fat accumulation
that impairs health, has become a global epidemic." It is a
chronic, relapsing, multifactorial disease accompanied by
metabolic disorders and other associated comorbidities (e.g.,
diabetes mellitus, cardiovascular disease, and cancer), which
can severely affect virtually all organ systems, affecting both
physical and mental health in a variety of ways.> Obesity is
now considered as a serious public health issue and is one of
the most common non-communicable diseases (NCDs)."”
According to the latest estimates, nearly 14% of men and 20%
of women in the world’s population (more than one billion
people) will develop obesity by 2030." Obesity has strong
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genetic and environmental features in its pathogenesis, ampli-
fying the influence of genetic susceptibility and environmental
factors on disorders of glucolipid metabolism.>> Ectopic
expansion of white adipose tissue and excessive accumulation
of certain nutrients and metabolites disrupt metabolic homeo-
stasis via insulin resistance, dysfunctional autophagy, and the
gut microbe-hepatic/brain/pancreatic axis, which further
exacerbates systemic inflammation upon immune-metabolism
dysregulation, resulting in accelerated loss of f-cell function
and gradual elevation of blood glucose levels.*” Abnormal
inflammation, fibrosis, hypoxia, dysregulation of adipokine
secretion and disruption of mitochondrial function, in turn,
exacerbate the condition of white adipose tissue.®® Therefore,
interventions aimed at reducing adipose tissue, improving
pancreatic islet function, and controlling glucose-lipid metab-
olism disorders in obese patients are effective measures for
preventing the development of diabetes mellitus, coronary
heart disease and other diseases.

In recent years, the exploration of foods or food products
capable of reducing weight and improving obesity-related gly-
colipid metabolism has become a focal point in nutritional
research.'® Edible bird’s nest (EBN) is a traditional food
known for its nourishing and functional properties.'* EBN has
been found to contain bioactive compounds such as 9-O-
acetylated GD3, glycopeptide, sialic acid, tetraacetyl-thymol-
beta-p-glucoside, epidermal growth factor, and glucose-regu-
lated protein,'*'* which are involved in renoprotection, skin
moisturizing, mitochondrial protection, relieving oxidative
stress and inflammation, regulating cholesterol-related genes,
improving type 2 diabetes, and enhancing male
reproduction.”®* Ready-to-eat EBN beverages can be analyzed
for their EBN content using the active ingredient sialic acid,
providing a better estimation of the EBN content."® Sialic acid
is a general term for a class of nine-carbon sugar compounds
whose biological activity has become a new area of research. It
is typically modified at the end of the glycan chain of mucopo-
lysaccharides, glycoproteins, or glycolipids in the form of N- or
O-glycosides, serving as an important structural basis for the
diversification of the structure and function of carbohydrate
complexes.'” Sialic acid and its derivatives have a wide range
of applications in food, medicine and disease diagnosis.'®
N-Acetyl neuraminic acid (Neu5Ac), the most widely distribu-
ted form of sialic acid, serves as a crucial modification com-
ponent of glycolipids and glycoprotein terminals on human
cell membranes and is associated with human health.'®
Currently, numerous studies have focused on the potential of
Neu5Ac to improve obesity-induced disorders of glucose and
lipid metabolism. It is speculated that the effects of Neu5Ac
on lowering blood lipids may be associated with the activation
of lipoprotein lipases, thereby enhancing the hydrolysis of tri-
glycerides and reducing the concentration of cholesterol by
accelerating its reverse transport,’® scavenging reactive oxygen
species, and restoring the activity of antioxidant enzymes."’

Compared to sialic acid, EBN is a more intricate substance
in terms of its composition. It contains not only sialic acid but
also other active components such as glycopeptides, which
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means that EBN has a higher utilization rate than sialic acid
alone, potentially making it more effectively utilized by the
body. Functionally, EBN has been found to exhibit anti-inflam-
matory, antioxidant, and cholesterol metabolism-regulating
properties.’* Additionally, it can enhance intestinal flora and
safeguard the intestinal mucosa.’*> These studies suggest
that EBN may effectively combat obesity and carbohydrate
metabolism disorders. Nevertheless, there is currently a lack of
research on the effects of EBN on improving glycolipid metab-
olism disorders caused by high-fat diet-induced obesity and
the associated mechanisms.

Building upon preliminary research indicating that EBN can
enhance cholesterol metabolism, protect mucosal epithelial
tissue, and influence the gut microbiota, this study hypothesized
that EBN intervention may modulate glucose and lipid metab-
olism in obese mice via the gut-liver axis. Employing a high-fat
diet-induced obese mouse model, the study investigates the
impact of EBN intervention on glucose and lipid metabolism. By
integrating transcriptomic and metabolomic data from both gas-
trointestinal and hepatic tissues, this study also aims to elucidate
the potential mechanisms by which EBN may correct the dysregu-
lation of glucose and lipid metabolism, approached from the per-
spective of the gut-liver axis.

Materials and methods
Animal experiments

All experimental procedures were conducted in strict accord-
ance with the guidelines outlined by the Institutional Animal
Care and Use Committee of the Laboratory Animal Center at
Xiamen University and adhered to the principles set forth by
the International Association of Veterinary Editors for the Care
and Use of Laboratory Animals. The protocols for animal use
were thoroughly reviewed and approved by the Animal Ethical
and Welfare Committee of the Laboratory Animal Center of
Xiamen University (approval no. XMULAC20210010).

The source materials including Neu5Ac [N-acetylneuraminic
acid, specification: >98% (HPLC)] were provided by Wuhan
Zhongke Optics Valley Green Biotechnology Co., and EBN
(fresh stewed edible bird’s nest, containing 0.447 + 0.019 g of
Neu5Ac/100 g) was provided by Xiamen Yan Palace Seelong
Biotechnology Co., Ltd. Based on our previous experiences, the
success rate of the high-fat feeding obesity model was 40%.*
Male C57BL/6] mice (n = 180) were purchased from Shanghai
Slack Laboratory Animal Co., Ltd and reared at 22 °C with
10%-60% humidity on a 12 h/12 h light-dark cycle with free
access to water. After 1 week of adaptive feeding, 12 mice were
selected for continued feeding on a normal diet (ND) [Beijing
Keao Xieli Feed Co., Ltd; Beijing Feed Certificate (2018) 0673]
for 8 weeks. The remaining 168 mice were fed on a high-fat
diet [Research Diets, Inc., D12492; Jiangsu Shuangshi
Laboratory Animal Feed Department, Su Feed Certificate
(2017) 05005] for the same duration, with fat accounting for
60% of the heat energy. Mice that displayed a 40% increase in
body weight after feeding on high-fat diets were considered

This journal is © The Royal Society of Chemistry 2024
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successful obesity models and were randomly divided into one
model control (HFD) and four intervention groups, namely,
the Neu5Ac group and the EBN low-dose (EBN_L), EBN
medium-dose (EBN_M), and EBN high-dose (EBN_H) groups,
with 12 mice in each group. Detailed information on the sub-
groups can be found in Table 1. Mice were administered the
test substance via gavage, with the gavage volume set at
0.1 mL/10 g of mouse body weight. Weight and food intake
were measured weekly during the 10 weeks of the intervention.
Fasting blood glucose (FBG) levels were measured at weeks 0,
4, 6, and 10. At the end of the intervention, the mice’s fat mass
and lean mass were analyzed using an EchoMRI-100H instru-
ment (EchoMRI International Medical Equipment, Inc.). After
fasting for 12 h, the mice were immediately administered a
20% glucose solution by gavage according to their body weight
(10 pL g ).** At 0, 30, 60, and 120 min after glucose adminis-
tration, blood was withdrawn from the tail vein of the mice to
measure blood glucose concentrations using a blood glucose
meter (Sanuo Biological Sensing Co., Ltd).

Monitoring of animal metabolism

At the end of the intervention, four mice were randomly selected
from each group and monitored using the TES PhenoMaster
(12-channel) system for 4 days to measure respiratory entropy
metabolism and voluntary movement.”® Each mouse was caged
independently. Mice in the ND group were fed a normal diet,
whereas those in the other groups were fed a high-fat diet and
could eat and drink ad libitum. After allowing an initial 48 h
period for adaptation, stable metabolic monitoring of each
mouse began at 00:00 on the third day and ended at 00:00 on the
fourth day, with data recorded at 5 min intervals. The respiratory
exchange ratio (RER) and energy expenditure (EE;) were calcu-
lated based on O, consumption and CO, production measured in
the exhaust gas from each cage. Body weight was used to adjust
EE, values to obtain EE, values, and lean body mass was used to
further adjust EE,, thereby deriving the EE; values. The EE and
RER values were the direct outputs of the instrument, the deri-
vation of which is described in greater detail in ESI S2f,
Metabolic Software Calculations Template.

Tissue sampling and index testing

After the 10-week intervention period, the mice were fasted for
12 h. Following inhalation anesthesia with 4% isoflurane

Table 1 Animal experimental protocol
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(Shenzhen Reward Life Technology Co., Ltd) and euthanasia
via rapid vertebral dislocation, the eyeballs were removed for
blood collection and liver tissues and colons were rapidly col-
lected and rinsed with normal saline. The collected blood was
centrifuged at 2000 rpm (382g) at 4 °C for 15 min, and the
resulting supernatant was collected for measuring biochemical
indicators. The liver tissues were rapidly collected, rinsed with
normal saline, drained, and weighed. All samples were frozen
at —80 °C for later analysis.

Serum was collected using an automatic biochemical analy-
zer (Minray BS-220) and dedicated supporting kits to deter-
mine the levels of total cholesterol (TC), triglycerides (TG),
high-density lipoproteins (HDL), and low-density lipoproteins
(LDL). Serum was also used to measure serum insulin (INS),
IL-1p, IL-6, TNF-a, leptin (LEP), oxidized-LDL (Ox-LDL), and
glucagon like peptide-1 (GLP-1) levels, and liver samples were
used to measure lipoprotein lipase (LPL) and trimethylamine
N-oxide (TMAO) levels in mice using respective mouse enzyme-
linked immunosorbent assay (ELISA) kits (Shanghai Sanyan
Biotechnology Center), according to the manufacturer’s
instructions.

The insulin resistance index (HOMA-IR) and islet p cell
function (HOMA-f) were calculated according to the following
formula:

INS(mUI L) x FPG(mmol L™1)
22.51

HOMA-IR =

20 x INS(mUIL™)

HOMA- =
P PFG(mmolL™1) — 3.5

Sialic acid content in LDL (LDL-SIA)

The anticoagulated blood was centrifuged at 1000g for 15 min
to obtain plasma. The fresh plasma was transferred into a cen-
trifuge tube, adjusted to a density of 1.006 g mL™", and sealed
with nitrogen. After centrifugation at 40 000 rpm for 24 h at
10 °C, the upper layer of the liquid was collected to obtain very
low density lipoprotein (VLDL); the lower layer of the liquid
was adjusted to 1.063 g mL™" and then centrifuged at 40 000
rpm for 24 h at 10 °C to obtain LDL; the lipoproteins were dia-
lyzed, filled with nitrogen and then sealed for later use.

The LDL sample isolated from the serum was pipetted into
a 5 mL centrifuge tube and centrifuged at 4500 rpm for
10 minutes. An equal volume of 10% trichloroacetic acid (TCA)

Group N Test substance

Supplementation dose in mice (mg d™* kg™")

Gavage concentration (mg mL™")

No supplementation 12  Normal saline —

Neu5Ac 12 N-Acetylneuraminic acid 50
EBN_L 12 Fresh stewed edible bird’s nest 2777
EBN_M 12 Fresh stewed edible bird’s nest 5555
EBN_H 12 Fresh stewed edible bird’s nest 11 111¢

5.00
27.77
55.55
111.11

% Calculate the intervention dose of EBN_H based on the Neu5Ac content of 0.447 + 0.019 g per 100 g in EBN, so that the Neu5Ac content in the
intervention dose matches that of the Neu5Ac intervention group. The supplementation dose of the EBN_M group was 0.5 times that of the
EBN_L group, and the supplementation dose of the EBN_L group was 0.5 times that of the EBN_M group.

This journal is © The Royal Society of Chemistry 2024
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was added and the sample was mixed well and left for
10 minutes at 4 °C. Subsequently, the mixture was left for an
additional 10 minutes and then centrifuged at 4500 rpm for
another 10 minutes. The resulting supernatant was transferred
to a new tube. Cold 5% TCA was added to the precipitate and
mixed well. The mixture was centrifuged again at 4500 rpm for
10 minutes and the two supernatants were combined. After
adding 2.5 mL of 0.1 moL L™ sulfuric acid, the sample was
placed in a water bath at 80 °C for 2 hours and then removed
and cooled down before filtering. Next, 0.1 mL of the above
liquid was accurately pipetted, followed by the addition of
0.1 mL of 10 mg mL " o-phenylenediamine hydrochloride dis-
solved in 0.2 mol L™! Na,HSO, and incubation in an 80 °C
water bath for 40 minutes. Then, the sample was removed,
cooled down, and then filtered through a 0.22 microporous
filter membrane. High-performance liquid chromatography
(HPLC) was employed to measure the sialic acid content in the
LDL samples using the following mass spectrometry con-
ditions: C18 column (Waters Symmetry 250 X 4.6 mm; 5 pm);
detector: VWD; column temperature: 35 ©°C; wavelength:
230 nm; mobile phase: 5% (v/v) methanol containing 4 mmoL
L' ammonium formate and 0.1% (v/v) formic acid, eluting
linearly; flow rate: 1 mL min™"; sample volume: 20 pL; mobile
phase: acetonitrile : water = 10 : 90.

0Oil red O staining (Oil-red) of the liver and hematoxylin-eosin
(H&E) staining of the heart

The heart tissue samples were fixed using 4% paraformalde-
hyde, embedded in paraffin, and cut into sections. Oil red O
staining was performed using a modified Oil Red O staining
kit (Solarbio Life Sciences, Beijing, China), following the
instructions provided by the manufacturer. Hematoxylin-eosin
(H&E) staining was performed using an H&E staining kit
(Solarbio), and the stained sections were assessed via
microscopy (Leica-DM4B; Leica, Wetzlar, Germany).

16S rDNA sequencing

Colon contents were swiftly frozen in liquid nitrogen post-
sampling and stored at —80 °C. DNA was extracted from these
samples using the HiPure Stool DNA kit (Magen, Guangzhou,
China). The conserved 16S rDNA gene region (V3: 341F,
CCTACGGGNGGCWGCAG; V4: 806F, GGACTACHVGGGT-
ATCTAAT) was polymerase chain reaction (PCR)-amplified
using suitable primers with barcodes. The resulting amplicons
were purified, quantified, and subjected to equimolar pooling
for paired-end sequencing (PE250) on an Illumina sequencer
(Life Technologies, CA, USA). Raw reads were filtered,
assembled, and processed using FASTP (v. 0.18.0). Clean tags
were clustered into operational taxonomic units (OTUs) with a
>97% similarity threshold using the UPARSE pipeline (v.
9.2.64). Chimeric tags were removed using the UCHIME algor-
ithm, and the remaining tags underwent downstream analyses.
The most abundant sequence in each OTU served as a repre-
sentative sequence. Following OTU determination, the gut
microbiota indices (community composition, alpha diversity,
beta diversity, indicator species, and intestinal flora function)
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were assessed using the Omicsmart platform (Gene Denovo
Biotechnology Co., Ltd Guangzhou, China; https:/www.omics-
mart.com).

Hepatic transcriptomic analysis

Total RNA was extracted using the TRIzol reagent kit
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
protocol. The RNA quality was assessed using an Agilent 2100
bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and veri-
fied by RNase-free agarose gel electrophoresis. After total RNA
extraction, eukaryotic mRNA was enriched using oligo(dT)
beads. The enriched mRNA was fragmented into short frag-
ments using fragmentation buffer and reverse-transcribed into
c¢DNA using the NEB Next Ultra RNA Library Prep Kit for
Ilumina (NEB #7530, New England Biolabs, Ipswich, MA,
USA). The purified double-stranded ¢cDNA fragments were sub-
jected to end repair, A tailing, and ligation with Illumina
sequencing adapters. The ligated sequences were purified
using AMPure XP beads (1.0x) and subsequently amplified by
PCR. The resulting cDNA library was sequenced by Gene
Denovo Biotechnology Co. (Guangzhou, China) using an
Ilumina Novaseq6000 sequencer.

Metabolomics analysis of the colon and liver

Mouse tissue samples were preprocessed according to a pre-
viously described method.® Ultra-high-performance liquid
chromatography-tandem mass spectrometry (UHPLC-MS/MS)
analyses were performed by Gene Denovo Co., Ltd
(Guangzhou, China) using a Vanquish UHPLC system
(Thermosphere, Germany) coupled with an Orbitrap Q
ExactiveTM HF-X mass spectrometer (Thermo Fisher,
Germany). The raw data files generated using UHPLC-MS/MS
were processed using Compound Discoverer 3.1 (CD 3.1;
Thermo Fisher Scientific) to perform peak alignment, peak
picking, and quantitation for each metabolite. Normalized
data were used to predict the molecular formulae based on
additive ions, molecular ion peaks, and fragment ions. To
obtain accurate qualitative and relative quantitative results, the
detected peaks were matched to the spectra in the mzCloud
(https://'www.mzcloud.org/), mz Vault, and MassList databases.

Quantitative real-time PCR

Total RNA was isolated from cells or tissues using the TRIzol
method (Invitrogen TRIzol, cat#15596026). First-strand cDNA
was synthesized using a ¢cDNA synthesis kit (Thermo Fisher
Scientific™, cat# K1641). Quantitative PCR was performed
using the Fast SYBR™ Green Master Mix (Applied
Biosystems™, cat#f 4385610). The results were analyzed on an
ABI StepOnePlus real-time PCR system (Applied Biosystems,
USA, RRID: SCR_015805), using the 2 — AACt method as
described previously.”” Primers were designed using Primer
Premier 5, were synthesized by Genecreate Biotech (Wuhan,
China), and are listed in Table S1f. GAPDH was used as a
loading control, and mRNA levels were normalized relative to
GAPDH levels.

This journal is © The Royal Society of Chemistry 2024
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Statistical analysis

Data were analyzed using SPSS 22.0 and R statistical software.
Repeated measures data were analyzed for variance using
multivariate analysis. For normally distributed data with
homogeneous variance, a one-way analysis of variance (one-
way ANOVA) was used to compare differences between groups,
and Fisher’s least significant difference method (LSD) was
used for pairwise comparisons between groups. In the case of
normally distributed data for which the variance was non-
homogeneous, we used Dunnett’s 73 test for pairwise compari-
sons between the groups. For non-normally distributed data,
we used the non-parametric Kruskal-Wallis H test for compari-
son between groups, and the Nemenyi method was used for
pairwise comparison of the overall means between groups.
Differences were considered significant at the a = 0.05 level.

Results
Weight and fat distribution

As shown in Fig. 1(A), the EBN intervention demonstrates a
dose—effect relationship in reducing weight in obese mice. The
high-dose EBN intervention displayed the most effective
weight control and surpassed the effects of Neu5Ac interven-
tion. At the beginning of the intervention, there was no signifi-
cant difference in body weight between the various test sub-
stance groups and the HFD group mice (P < 0.05). By the end
of the 10-week intervention, the high-dose EBN intervention
could reduce the weight of the mice (38.09 + 4.41 g vs. HFD
41.88 + 3.79 g, P < 0.05). However, the other intervention
groups did not show any weight reduction (P > 0.05). As shown
in Fig. 1(B and C), the high-dose EBN intervention could

(A) (B)

Weight (g)
Fat mass (g)

01 2 3 4 5 6
Time(Week)

78 9 W

(E)

Oil-Red O §
(Liver) E§

ND(20X) HFD(20X)

(F)

H&E
(Heart)

ND(20X) HFD(20X)

NeuSAc(20X)

Neu5Ac(20X)
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reduce fat mass (9.80 + 3.60 g vs. HFD 13.54 + 2.63 g, P < 0.05),
while other intervention groups did not reduce fat mass (P >
0.05). As shown in Fig. 1(D and E), both medium- and high-
dose EBN interventions reduced liver weight (P < 0.05).
Additionally, EBN intervention could effectively diminish liver
lipid accumulation, with a notable improvement in the corres-
ponding liver tissue structure. Moreover, a dose-response
relationship was observed in EBN intervention groups, with
the high-dose EBN intervention yielding the most optimal out-
comes. The Neu5Ac intervention exhibited a similar effect to
the medium-dose EBN intervention but was less effective com-
pared to the high-dose EBN intervention.

Core glycolipid biomarkers and proinflammatory cytokines in
the serum and liver

As shown in Fig. 2(A), each dose of EBN intervention reduced
the FBG levels in obese mice (P < 0.05); however, no significant
differences were observed between the dosage groups (P >
0.05). Nevertheless, the Neu5Ac intervention did not reduce
FBG levels (P > 0.05) and resulted in higher FBG levels than
those observed in the medium- and high-dosage EBN interven-
tion groups (P < 0.05). As depicted in Fig. 2(B-E), EBN and
Neu5Ac interventions slightly enhanced glucose tolerance in
obese mice, but reduced serum INS levels and the HOMA-IR
value (all, P < 0.05). The high-dose EBN intervention resulted
in lower INS levels and HOMA-IR values than the Neu5Ac inter-
vention (P < 0.05).

As shown in Fig. 2(F-K), both EBN and Neu5Ac interven-
tions decreased serum TG, TC, LDL, Ox-LDL, L-1f, IL-6, and
TNF-a levels and increased serum HDL and the sialic acid load
on LDL in serum (all, P < 0.05). No dosage-dependent effect
was observed in EBN intervention groups. As shown in Fig. 2

©)

Lean mass (g)
Live weight (g)

EBN_H(20X)

EBN_L(20X)

EBN_L(20X)

EBN_M(20X) EBN_H(20X)

Fig. 1 Changes in the metabolic homeostasis of body mass distribution in obese mice after 10 weeks of EBN intervention. (A) Weight changes from
0 to 10 weeks; (B) fat mass; (C) lean mass; (D) liver weight; (E) liver sections stained with Oil red O; (F) heart sections stained with hematoxylin and
eosin; a: P < 0.05, compared with the normal diet (ND) group. b: P < 0.05, compared with the high-fat diet (HFD) group. All values are mean + SD (n

=12).
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Fig. 2 Changes in the metabolic homeostasis of glucolipid biomarkers and core inflammatory cytokines in obese mice after 10 weeks of EBN inter-
vention. (A—E) Changes in blood glucose levels and glucose regulation ability: (A) changes in fasting blood glucose levels at weeks 0, 3, 6, and 10; (B)
oral glucose tolerance test (OGTT); (C) insulin in sera; (D) insulin resistance index (HOMA-IR); and (E) insulin cell function index (HOMA-B). (F-M)
Changes in blood lipids: (F) blood lipids including total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL), and high-density
lipoprotein cholesterol (HDL); (G) oxidized low-density lipoprotein cholesterol (Ox-LDL); (H) sialic acid conjugated to LDL (LDL-SIA) level; (I-K)
changes in inflammation factor levels in sera: (I) IL-1p; (J) TNF-o; and (K) IL-6; and (L—O) using high-dose EBN as the paradigm: (L) glucagon-like
peptide-1(GLP-1) in serum; (M) leptin (LEP) in serum; (N) lipoprotein lipase (LPL) in the liver; and (O) trimethylamine oxide (TMAO) in the liver. a: P <
0.05, compared with ND. b: P < 0.05, compared with HFD. All values are mean + SD (n = 8).

(L-0), using the high-dose EBN intervention as a paradigm,
the EBN intervention increased GLP-1 in the serum (P < 0.05),
whereas Neu5Ac did not (P > 0.05). Both EBN and Neu5Ac
interventions reduced TMAO levels in the liver (P < 0.05).

2-Day energy metabolism monitoring

As shown in Fig. 3, a series of energy metabolism variables,
including EE,, EE,, EE;, RER, and the amount of exercise
showed no dosage-dependent effects among the three EBN
intervention groups (all, P > 0.05). Compared to the Neu5Ac
intervention group, which paradoxically decreased the energy
metabolism variables, the EBN intervention group significantly
increased the EE,, EE,, and EE; values at all dosages with a
notable trend (P < 0.05).

Colonic microbiota in obese mice

Using the high-dose EBN intervention as a paradigm, beta
diversity analysis revealed a distinction in the OTUs of the

7582 | Food Funct, 2024,15, 7577-7591

colonic microbiota between mice in the EBN intervention
group and those in the HFD group. Concurrently, using the
permutational multivariate analysis of variance test, the
results showed R*> = 0.403 and P = 0.001, indicating statistically
significant differences in the gut microbiota among the
groups. This suggests that the EBN intervention is capable of
altering the gut microbiota in obese mice (Fig. 4A). At the
phylum level, the abundances of Firmicutes and Cyanobacteria
were increased, while the abundance of Proteobacteria was
decreased in the gut microbiota of obese mice treated with
EBN intervention (Fig. 4B). At the genus level, the abundances
of Desulfovibrio, Akkermansia, Lactobacillus, and Solibacillus
were increased, while those of Enterobactor, Lysinibacillus,
Bacillus and Enterococcus were decreased in obese mice treated
with EBN intervention (Fig. 4C). Intestinal flora function ana-
lysis indicated that several pathways related to metabolic
homeostasis, including carbohydrate metabolism, amino acid
metabolism, lipid metabolism, energy metabolism, immune

This journal is © The Royal Society of Chemistry 2024
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All values are mean + SD (n = 4).

system, cell growth and death, and preventing infectious dis-
eases, were significantly altered during the 10-week EBN inter-
vention period, affecting gut microbiota-associated functions
(Fig. 4D and E). The serum level of GLP-1 was positively related
to Desulfovibrio abundance, the serum level of IL-1§ was posi-
tively related to Lysinibacillus abundance, and the serum level
of IL-6 was positively related to Bacillus abundance (Fig. 4F).

Transcriptomes of the autopsied livers and colons of obese
mice

Using high-dose EBN intervention as a paradigm, the tran-
scriptome of the colonic mucosa of obese mice was notably
changed after 10 weeks of high-dose EBN intervention (Fig. 5A
and B). The top 20 pathways that were enriched in the differen-
tially expressed genes are shown in Fig. 5C, substantially
impacting functions related to insulin signaling, immunity,
cholesterol metabolism, and bile secretion, and the corres-
ponding differentially expressed genes are shown in Fig. 5D.
After 10 weeks of Neu5Ac intervention, a slight alteration in
the transcriptome was observed in the colonic mucosa autop-
sied from obese mice (Fig. 5A and B). Six genes associated
with insulin signaling (Ppara), immunity (77r2), cholesterol
metabolism (Lrp1), and bile secretion (Fxr, Tsgr5, and Slc102)
were validated using quantitative real-time PCR (Fig. 5I).
Compared to the HFD group, the EBN intervention decreased
the expression levels of Ppara, TIr2, Lrpil, and Slc102 and
increased the expression levels of Fxr and Tsgr5 in the colon
(all, P < 0.05).

The transcriptome of the hepatic tissue from obese mice
was remarkably changed after 10 weeks of high-dose EBN
intervention (Fig. 5E and F). The top 20 pathways enriched in
the DEGs are shown in Fig. 5G. These differentially expressed

This journal is © The Royal Society of Chemistry 2024

genes generally function to transduce signaling related to cir-
cadian rhythm, glycosphingolipid biosynthesis, protein and fat
digestion and absorption and bile secretion, and the corres-
ponding differentially expressed genes are shown in Fig. 5H.
Six differentially expressed genes associated with the circadian
rhythm (Per2 and Bhlhe41), glycosphingolipid biosynthesis
(Mgat4c), biosynthesis of unsaturated fatty acids (Elovi3),
metabolism of trimethylamine (Fmo3), and bile secretion
(Sic51a) were validated using quantitative real-time PCR
(Fig. 5I). Compared to the HFD group, EBN intervention
decreased the expression levels of Elovi3 and Fmo3 and
increased the expression levels of Per2, Bhlhe41, Mgatdc, and
Slc51a in the liver (all, P < 0.05).

Metabolome of autopsied liver and colonic contents

As shown in Fig. 6(A-D), using the high-dose EBN intervention
as a paradigm, five distinct categories of metabolites in the
liver and colonic contents were identified: fatty acids, bile
acids, amino acids, carbohydrates, and neurotransmitters.
These findings indicated that the EBN intervention had the
most pronounced effect on the levels of fatty acids, bile acids,
and amino acids. Among the metabolic pathways of differen-
tial metabolites in both liver and colonic contents, the top 5
functional pathways identified in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database included the synthesis
of fatty acids, the synthesis of bile acids, and the digestion and
absorption of proteins. Moreover, an increase in the diversity
and quantity of long-chain fatty acids and secondary bile acids
was observed in the colonic content, whereas the liver showed
a decrease in long-chain fatty acids and primary bile acids,
with an increase in conjugated bile acids, which are more con-
ducive to bile acid excretion. It was also found that the levels

Food Funct., 2024,15, 7577-7591 | 7583
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of monosaccharides and disaccharides (such

maltose, melibiose, and galactose) decreased in the liver,
whereas the polysaccharide content (such as 2’-fucosyllactose
and 6'-sialyllactose) increased, suggesting an enhanced ability
of the liver to utilize sugar under the EBN intervention.

As shown in Fig. 6(E and F), the correlation analysis
between the gut microbiome and metabolome revealed that

7584 | Food Funct, 2024, 15, 7577-7591

as glucose, the

abundances

of  Desulfovibrio, Lysinibacillus, and

Solibacillus were positively correlated with bile acids (BAs)
and negatively correlated with fatty acids. Additionally,
Lactobacillus and Akkermansia abundances were negatively
correlated with fatty acids. It has been hypothesized that an
increase in the levels of colonic BAs and fatty acids in mice
under the EBN intervention is related to changes in the gut

This journal is © The Royal Society of Chemistry 2024
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microbiota. The analysis of the relationship between fatty
acids and BAs in the liver found that fatty acids were posi-
tively correlated with BAs. This indicated that the reduction
in dehydrocholic acid and glycocholic acid levels in the liver
due to the EBN intervention was associated with a decrease
in lipids in the liver. This study also found that aromatic
amino acids (AAAs) such as phenylalanine and tryptophan
decreased in the liver, while branched-chain amino acids
(BCAAs) including isoleucine and valine increased under the
EBN intervention. Combining the analysis of the relation-
ship between amino acids and BAs in the liver, it was
found that tryptophan levels were positively correlated with
dehydrocholic acid and glycocholic acid levels, suggesting
that the reduction in these BAs due to the EBN intervention
might also be related to changes in amino acids.

This journal is © The Royal Society of Chemistry 2024

Discussion

Obesity, characterized by an excess accumulation of adipose
tissue, significantly affects glucose and lipid metabolism. This
study demonstrates that a high-dose EBN intervention effec-
tively controls the increase in body weight and fat mass in
obese mice. Furthermore, it improves lipid disorders, reduces
inflammation, increases the concentration of sialic acid in
LDL and decreases Ox-LDL levels. Consequently, EBN plays a
pivotal role in addressing the metabolic imbalances related to
glucose, lipids, and fat in the context of obesity. The upcoming
discussion will integrate the findings from the colonic micro-
biota and liver and colonic transcriptomics and metabolomics
to investigate how EBN reduces body fat, lowers blood sugar
levels, decreases blood lipids, and ameliorates chronic inflam-
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mation in obese individuals. Anticipating the potential of EBN
in regulating glucose and lipid metabolic disorders in obese
mice, this study aims to provide a foundational framework for
understanding the effectiveness of EBN in the context of
chronic conditions.

The mechanism of lipid-lowering effects

In this study, mice were subjected to obesity induction using a
high-fat diet. A comparative analysis between normal weight
and obese mice revealed that the latter exhibited an amplified
intake of food energy and a reduced level of physical activity,
resulting in significant alterations in obesity-associated physio-
logical markers. However, EBN intervention controlled body
weight gain, reduced body fat in obese mice, and improved
obesity-associated physiological markers induced by a high-fat
diet. This suggests that EBN may disrupt the body’s positive
energy balance and cause disordered lipid metabolism within
the body. It is speculated that this process can be accom-
plished through the following two pathways: EBN intervention
may reduce lipid absorption and synthesis in the intestine and
liver. The high-fat feed ingested by mice is broken down into
fatty acids and glycerol. These components are then reab-
sorbed by the intestines and enter the bloodstream. Within
liver cells, fatty acids are reassembled into TG or other lipid
molecules.”®*° EBN intervention affected genes related to
lipid absorption and TC metabolism in the intestine, as well
as lipid synthesis in the liver, including Abcal, Fabp6, PLTP,
PPAR, Lrpl, Ggt1, Cyp2C66, Cyp2c69, Pnlip, CLPS, and Elovi3,
and increased the abundance of gut microbes related to carbo-
hydrate and fat metabolism and energy metabolic pathways,
which may contribute to a decrease in blood TG, TC, and LDL
levels, while simultaneously promoting an increase in HDL
levels. The metabolomic results also indicated that mice sub-
jected to EBN intervention exhibited an elevated concentration
of fatty acids in the colonic content and a decrease in fatty
acid content in the liver. Ultimately, EBN intervention could
control weight gain and reduce body fat content in obese
mice. It is worth highlighting that EBN intervention not only
lowers plasma LDL levels but also demonstrates the capacity to
elevate sialic acid content in LDL in the plasma while concur-
rently reducing Ox-LDL levels. Natural LDL is a cholesterol-rich
lipoprotein with highly glycosylated surface proteins. Sialic
acid is the main residue linked to Gal or GalNAc with a2-3 or
®2-6 O-linked glycosidic bonds.*! Natural LDL in the blood cir-
culation does not cause lipid accumulation in the artery wall,
whereas desialylated LDL (ds-LDL) is atherosclerotic and
causes lipid deposition.*>* After losing sialic acid, LDL mole-
cules easily oxidize to form Ox-LDL.>® The study found that
intervention with EBN can increase B3gal5, Mgat4c, and
Manic1 in the liver and colon, which may increase the sialic
acid load on LDL. This suggests that EBN intervention can also
affect obesity-related lipid metabolism disorders by altering
lipoprotein sialylation modifications.

EBN intervention may increase hepatic bile acid excretion
and reduce intestinal secondary bile acid reflux. A high-fat diet
leads to the increased reabsorption of bile acids in the intes-

This journal is © The Royal Society of Chemistry 2024
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tines and the synthesis of bile acids in the liver, thereby pro-
moting fat accumulation. At the same time, it reduces the
abundance of some components of the gut microbiota that
convert primary BAs into secondary BAs, increasing the abun-
dance of aerobic, proinflammatory bacteria and bile acid
modification-associated bacteria.’>® Subsequently, liver inflam-
mation increases, thereby inhibiting bile acid transporters.
Inflammation disrupts the gut barrier via STAT3 activation,
leading to the loss of FXR function and the negative feedback
regulation (FXR-FGf19) of bile acid synthesis,”” potentially
reducing GLP-1 secretion®®*® and resulting in a reduced
efficiency of energy metabolism, which in turn promotes fat
accumulation and the development of obesity. The interven-
tion with EBN could improve the gut microbiota by increasing
the abundance of microbiota components positively related to
secondary BAs and decreasing the abundance of microbiota
components positively related to inflammation. It also influ-
enced the transcriptome in the colon by decreasing the
expression levels of Ereg, Ntrk2, Tir2, Thbs1, Ppara, and Cxcl12,
inhibiting the PI3K-Akt, PPAR and NF-«kB signaling pathways;
it then decreased serum IL-1f, IL-6 and TNF-a levels, while
increased the serum GLP-1 level. The intervention with EBN
also decreased the Lrp1, Slc10a2, and Sic51a expression levels
in the colon, inhibiting chylomicron-remnant and BA trans-
port to the liver, while it increased Slc51a, Abcbia, and Agp4
expression levels in the liver and promoted BA transport to the
colon, thereby promoting the excretion of combined bilirubin
and enhancing bile flow. The outcomes obtained from meta-
bolomic analysis further reveal a decline in the levels of BAs
within the liver, while an increase in their levels is observed
within the colon.

In summary, EBN intervention could potentially improve
lipid metabolism and reduce body fat accumulation not only
by enhancing the structure and function of the gut micro-
biome and influencing genes related to fat synthesis and
absorption, thereby reducing fat absorption and synthesis, but
also by ameliorating the variety of BAs and the state of meta-
bolic imbalance during the development of obesity, which in
turn could alleviate the chronic inflammatory state and
improve lipid and energy metabolism in obese individuals.

The mechanism of lowering hyperglycemia effects

Compared to non-obese individuals, obese individuals exhibit
higher fasting insulin levels and greater insulin resistance.*®*!
Additionally, glucose tolerance is impaired following an oral
glucose load in obese individuals.*> This study has revealed
that EBN intervention regulated elevated FBG, reduced fasting
INS levels, and lowered the HOMA-IR value in obese mice,
thereby alleviating impaired glucose tolerance. By further inte-
grating transcriptional and metabolomic changes, this study
explored the potential mechanisms by which EBN intervention
controls elevated blood glucose levels and improves glucose
tolerance in obese mice. This process may occur through the
following three pathways: EBN reduces body fat, regulates the
adipocytokine signaling pathway, and improves insulin resis-
tance. Body fat, particularly visceral fat, significantly increases
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glucose metabolism and insulin resistance in the liver and
peripheral tissues, leading to insulin resistance and an
increased risk of diabetes.**** EBN intervention may reduce
the visceral fat content by decreasing lipid absorption and syn-
thesis and by improving the bile acid balance via the gut-liver
axis. This, in turn, affects the signaling pathways of adipocytes
in the liver, reduces the enhancement of hepatic glucose utiliz-
ation, increases the expression levels of genes related to glyco-
gen synthesis, and leads to a reduction in monosaccharides
and an increase in polysaccharides in hepatic metabolites.
This suggests that controlling the liver fat content is beneficial
for the regulation of blood sugar levels in the body. The proin-
flammatory cytokine TNF-o has been implicated as a link
between obesity and insulin resistance.*> TNF-« interferes with
the early steps of insulin signaling. Several studies have shown
that TNF-a inhibits IRS1 tyrosine phosphorylation by promot-
ing serine phosphorylation. In obesity, the production of TNF-
a by macrophages and other immune cells within the adipose
tissue increases, leading to an inflammatory response in the
fat tissue. EBN supplementation reduced the amount of visc-
eral fat, decreased the secretion of TNF-a from excess adipose
tissue, and alleviated insulin resistance.

EBN improved the gut microbiota of mice, alleviated oxi-
dative stress in the liver through the gut-liver axis, and
reduced the levels of chronic inflammatory markers in the
serum, thereby enhancing insulin sensitivity and the body’s
ability to regulate blood glucose. Dysbiosis, which is an imbal-
ance in the gut microbiota, can impair the development of
gut-associated lymphoid tissue and compromise the integrity
of the intestinal barrier. This leads to increased intestinal per-
meability, allowing pathogenic components, such as lipopoly-
saccharides (LPS) and trimethylamine (TMA), to enter the
bloodstream, activating inflaimmatory pathways, such as
nuclear factor (NF)-xB and activator protein (AP)-1, resulting in
the upregulation of pro-inflammatory cytokines, causing
chronic low-grade inflammation and interfering with the
action of insulin.***® Simultaneously, TMA is oxidized in the
liver by the action of the Fmo3 enzyme to form TMAO, which
can induce oxidative stress and inflammation in the liver and
reduce the body’s glycemic regulation ability.***° This study
found that EBN intervention improved the composition of the
gut microbiota in obese mice, inhibited the LPS biosynthesis
pathways of the gut microbiota, and decreased immune-
inflammatory signaling pathways in the colonic mucosa and
liver, thereby reducing the levels of markers of inflammation
(IL-1pB, IL-6, and TNF-a), alleviating the state of chronic inflam-
mation and improving body insulin  sensitivity.
Simultaneously, it decreased hepatic Fmo3 transcription levels
and TMAO levels, reduced oxidative stress in the liver and
enhanced glycemic regulation in mice.

EBN influenced the circadian rhythm and improved insulin
function. Physiological rhythm is a regular pattern of physio-
logical and behavioral changes that organisms undergo within
a 24-hour cycle. It plays a crucial role in regulating metabolism
and energy balance, including appetite, insulin sensitivity, and
glucose metabolism, all of which are regulated by the daily bio-
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logical clock, aiding adaptation to energy demands at different
times of the day.”* This cyclical variation is regulated by the
internal biological clock within an organism.>*> The rhythmi-
city of clock, bmali, and per2 gene expression is significantly
dampened in the liver and white adipose tissue among the
mice on a high-fat diet.>® In the present study, we observed
reduced expression levels of clock and npas2 mRNA and
increased expression levels of bmall, perl and per2 mRNA in
the liver in the EBN group, which may have promoted the up-
regulation of insulin secretion by f-cells and the postprandial
enteric insulin GLP-1 response by L-cells.>*>® This study also
noted that serum GLP-1 levels were elevated in the EBN group
mice (vs. HFD, P < 0.05). Previous studies have shown that
increased GLP-1 levels contribute to improved glucose control
in obese individuals.>’>° This suggests that EBN intervention
influences physiological rhythms, which may help control elev-
ated blood glucose in individuals with obesity induced by a
high-fat diet.

Limitations

This study investigated the effects of EBN intervention on dys-
regulated glucose and lipid metabolism using a high-fat
obesity animal model and explored the potential mechanisms
through transcriptional and metabolomic analyses. However,
EBN contains a series of bioactive components that vary
depending on the origin of the raw materials, different pro-
duction conditions and batches, and other factors. The bio-
active substances detected in the bird’s nest product used in
our experiment included polysialic acid, water-soluble small
molecule bird’s nest protein, glutathione, and epidermal
growth factor. Among these active components, only polysialic
acid has been measured at >360 mg/100 g, while the contents
of the other active components within this EBN have not been
fully determined. This study focused solely on the EBN pro-
ducts processed using a particular technique and did not
compare those processed using other methods. The efficacy of
this type of EBN also needs to be validated in population
trials. Additionally, aside from sialic acid, the identification of
other potential bioactive components in EBN remains unclear
and requires further exploration, and further attention can
also be paid to the effects of EBN on cellular or molecular sia-
lylation modification.

Conclusions

EBN has the potential to regulate glucose and lipid metabolic
disorders via the gut-liver axis in obese mice. EBN can
enhance the gut microbiota and intestinal immunity, relieve
chronic inflammation levels in serum, improve the antioxidant
capacity and circadian rhythm in the liver, promote bile acid
metabolism and decrease lipid absorption and lipid synthesis
via the gut-liver axis, thus reducing blood lipid and fat
accumulation as well as improving islet function, which lowers
blood glucose levels.

This journal is © The Royal Society of Chemistry 2024
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