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A high-fat diet may disrupt sialic acid homeostasis indirectly by altering the gut microbiota and metabolic
pathways. Sialic acid interventions have immune-regulatory effects and can improve gut health, but their
impact on glucose and lipid metabolism disorders, both before and after obesity induced by a high-fat diet,
remains unclear. This study used two models: a preventive experiment (intervention during high-fat diet
feeding) and a control experiment (intervention after obesity induction). Each model consisted of a blank
control group, a high-fat diet control group, and three N-acetylneuraminic acid (Neu5Ac) intervention
groups (low, medium, and high doses), with 12 mice per group. The results showed that both intervention
models effectively improved glucose tolerance, and reduced insulin levels, although no significant dose—
response relationship was observed. Omics analysis revealed that the intervention increased the abundance
of gut microbiota associated with energy metabolism and affected energy metabolism, immune response,
and oxidative stress-related signaling pathways in the liver and colon. In the control experiment, inflammation
marker levels correlated with improvements in the gut microbiota. Furthermore, the intervention significantly
altered the abundance of microbiota linked to glycosylation signaling and metabolic regulation. These
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findings suggest that Neu5Ac intervention improves gut microbiota structure and function, stabilizes glycan
structures, and reduces immune-inflammatory signaling in the gut and liver, thereby lowering systemic
inflammation. This helps prevent and control glucose and lipid metabolism disorders induced by a high-fat

rsc.li/food-function diet. Notably, the intervention showed stronger effects after obesity had developed due to the high-fat diet.
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1. Introduction

Rapid advancements in food manufacturing have significantly
altered human lifestyles and dietary habits, particularly contri-
buting to the rising prevalence of high-fat diets (HFDs)."
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Extensive research has shown that long-term HFD consump-
tion can lead to a variety of pathological conditions, including
organ fat accumulation, dysbiosis of the gut microbiota,
insulin resistance, colon damage, oxidative stress, and cogni-
tive impairment.>”® Chronic diseases linked to long-term HFD
consumption include obesity, diabetes, gastrointestinal dis-
orders, neurodegenerative diseases, and cardiovascular
diseases.”” ™ Obesity has become a global health crisis, with
its rising prevalence posing significant public health chal-
lenges. According to the World Health Organization, approxi-
mately 500 million individuals are obese, and 1.4 billion are
overweight, with both numbers continuing to increase. This
trend has a profound impact on public health and daily life."
In promoting the onset and progression of obesity, a high-
fat diet not only disrupts glucose and lipid metabolism and
affects insulin sensitivity but also activates immune cells in
the small intestine. This activation leads to mucosal immunity,
triggers systemic immunosuppression and inflammatory
responses, and reduces the immunity of antigen-specific CD4+
T cells."" Recent studies have revealed a close relationship
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between food composition and changes in the gut microbiota,
which significantly impacts host metabolic regulation.>™**
The gut microbiota is strongly linked to the host’s immune
system and energy metabolism."”> Imbalances in the gut
microbiota are considered a key environmental factor in
various metabolic and chronic diseases. A high-fat diet can
alter the gut microbiota, leading to the production of patho-
genic factors that affect liver function. These factors can
activate immune cells, causing inflammation and even fibrosis
in the liver through the gut-liver axis."® Therefore, interven-
tions aimed at improving gut microbiota balance, reducing
inflammation, and modulating immune responses to control
glucose and lipid metabolism disorders in individuals on
high-fat diets may be effective strategies for preventing
obesity.'”"'®

In recent years, sialic acid has garnered significant atten-
tion in the search for effective ways to prevent and control
glucose and lipid metabolism disorders caused by high-fat
diets. Its potential role in gut health and immune regulation
has made it a key research focus. Sialic acid, scientifically
known as N-acetylneuraminic acid (Neu5Ac), is a nine-carbon
glyconeuraminic acid that possesses antioxidant,"® immune-
modulating,?® antiviral,>® intestinal microbiota-regulating®
and antitumor effects.>> Countries such as China, the
European Union, Japan, Malaysia, and Singapore have already
incorporated Neu5Ac as a food ingredient. As a crucial mole-
cule in immune signaling and cell-to-cell communication,
sialic acid plays a vital role in immune responses. Although
direct evidence linking high-fat diets to sialic acid hydrolysis
from glycolipids or glycoproteins is lacking, studies suggest
that metabolites such as bile acids, lipopolysaccharides, short-
chain fatty acids, and trimethylamine oxide may be involved in
the pathogenesis of high-fat diets and chronic diseases. These
metabolites may indirectly influence sialic acid levels.
Disturbances in the gut microbiota, in turn, can affect meta-
bolic processes throughout the body, possibly including the
metabolism of sialic acid.’ Therefore, high-fat diets may
indirectly disrupt sialic acid homeostasis by affecting the gut
microbiota and metabolic pathways, resembling the disrup-
tions caused by high-fat diets themselves. Furthermore,
animal and cell experiments have demonstrated that sialic
acid intervention activates immune cells and modulates
immune responses, with a dose-response relationship.>*?*

Recent studies have shown that high-fat diets can alter the
synthesis and metabolism of sialic acid, disrupt the gut micro-
biota, impair immune homeostasis, and increase susceptibility
to inflammatory diseases. Neu5Ac intervention has been
found to improve the sialylation status in the body.*® Based on
this, we hypothesize that restoring sialic acid modification
may positively influence the structure and function of the gut
microbiota, maintain immune homeostasis in both the intes-
tine and liver, reduce systemic inflammation, and improve
glucose and lipid metabolism. These effects could potentially
mitigate metabolic disorders associated with glucose and lipid
metabolism. To test this hypothesis, we designed two models
—prevention and control—to evaluate the effects of sialic acid
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intervention. In the prevention model, sialic acid is adminis-
tered alongside a high-fat diet, which may slow the degra-
dation of sialic acid and mitigate gut microbiota disruption,
ultimately preventing glucose and lipid metabolism disorders
induced by the high-fat diet. In the control model, we observe
whether sialic acid intervention can alleviate microbiota imbal-
ances, immune dysfunction, and chronic inflammation in the
obese state, potentially hindering the progression of obesity.
We will compare the two models in terms of intestinal micro-
biota, intestinal barrier, intestinal immunity, and gut-liver axis
signaling, using transcriptomics and metabolomics tech-
niques. This approach aims to provide a comprehensive under-
standing of the effects of sialic acid intervention on the preven-
tion and control of glucose and lipid metabolism disorders,
and even obesity, which may be induced by immune signal
disruption caused by a high-fat diet.

2. Materials and methods
2.1 Source of materials

N-Acetylneuraminic acid (Neu5Ac) [specification: >98% high-
performance liquid chromatography (HPLC)] was provided by
Wuhan CASOV Green Biotech Co., Ltd (China).

2.2 Animal experiments and ethical approval statement

6-Week-old male C57BL/6] mice were purchased from Beijing
Witte River Laboratory Animal Co., Ltd.

In the prevention model experiment, 60 male C57BL/6]
mice were housed at 20-24 °C, humidity 10-60%, and light-
dark cycle for 12 h. Twelve mice were selected according to the
immediate number method and fed with normal diet (ND)
[Beijing Gaoxieli Feed Co., Ltd; Beijing Feed Certificate (2018),
0673]. The remaining 48 mice were fed a high-fat diet
[Research Diets, Inc., D12492; Jiangsu Shuangshi Laboratory
Animal Feed Department, Su Feed Certificate (2017) 05005], in
which the fat ratio was 60%, and it was divided into 4 groups,
namely high-fat feed group (HFD) and 3 intervention groups:
low-dose (Neu5Ac_L1), medium-dose (Neu5Ac_M1), and high-
dose (Neu5Ac_H1) group (Table 1).

In the control model experiment, based on our previous
experience, the success rate of the high-fat diet-fed obesity
model was 40%. After 1 week of acclimatization, 12 male mice
(n = 132) were selected to continue to be fed a normal diet
(ND) for 8 weeks. The remaining 120 mice were fed a high-fat
diet [Research Diets, Inc., D12492; Jiangsu Shuangshi
Laboratory Animal Feed Department, Su Feed Certificate
(2017) 05005], fat accounts for 60% of calories. Mice with a
40% increase in body weight after feeding with high-fat diet
were screened as successful obesity models, and 48 obese mice
were screened and randomly divided into 1 model control
(HFD_2) and 3 intervention groups, namely low-dose
(Neu5Ac_L2), medium-dose (Neu5Ac_M2), and high-dose
(Neu5Ac_H2) groups, with 12 mice in each group.

In the experiment, the dosage of the Neu5Ac_M group was
calculated according to the recommended human intake of

This journal is © The Royal Society of Chemistry 2025
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Table 1 Animal experimental protocol
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Supplementation dose in mice Gavage concentration

Experiment Group N Test substance (mgd* kg™ (mg mL™")
Preventive Normal diet (ND_1) 12 Normal saline — —
High fat diet group (HFD_1) Normal saline — —
Neu5Ac_L1 12 N-Acetylneuraminic acid 50 5.00
Neu5Ac_M1 12 N-Acetylneuraminic acid 100 10.00
Neu5Ac_H1 12 N-Acetylneuraminic acid 150 15.00
Control Normal diet (ND_2) 12 Normal saline —
High fat diet group (HFD_2) 12 Normal saline
Neu5Ac_L2 12 N-Acetylneuraminic acid 50 5.00
Neu5Ac_M2 12 N-Acetylneuraminic acid 100 10.00
Neu5Ac_M2 12 N-Acetylneuraminic acid 150 15.00

bird’s nest (3 g d™"),”” in which the Neu5Ac content was
10%.%® The gavage dose in the Neu5Ac_M group was 10 times
the recommended dose for human and animal surface area,
i.e., the gavage dose in the Neu5Ac_M group was 50.0 mg d™*
kg™'. The dose administered to the Neu5Ac_L group was 50%
of that of the Neu5Ac_M group, and the dose administered to
the Neu5Ac_H group was twice that of the Neu5Ac_M group.
The dose of Neu5Ac is similar to that of previous studies.>®
The ND group and HFD group were given 0.9% normal saline
in a volume of 0.1 mL per 10 g body weight. Weekly body
weight and food intake were measured by gavage in mice with
a gavage volume of 0.1 mL per 10 g of mouse body weight. The
intervention period of preventive experiment was 8 weeks. The
intervention period of control experiment was 10 weeks.

At the end of the intervention, fasting blood glucose (FBG)
and glucose tolerance (OGTT) were tested at the end of the
intervention, and the mice were given 20% glucose solution
according to their body weight (10 pL g~') immediately after
fasting for 12 h. At 0, 30, 60 and 120 min after glucose admin-
istration, blood is taken from the tail vein of mice, and blood
glucose concentrations are measured using a blood glucose
meter (Sinocare Biosensing Co., Ltd). Fat mass and lean mass
of mice are analyzed using the EchoMRI-100 h instrument
(EchoMRI International Medical Devices, Inc.).

All experimental procedures were carried out in accordance
with the guidelines of the Institutional Animal Care and Use
Committee of the Laboratory Animal Center of Xiamen
University and the International Association of Veterinary
Editors guidelines for the Care and Use of Laboratory Animals.
Protocols for animal use were reviewed and approved by the
Animal Ethical and Welfare Committee of the Laboratory
Animal Center of Xiamen University (Approval No. XMULAC
20210010).

2.3 Sample collecting and index testing

When the intervention ended, the mice fasted for 12 h, were
anaesthetised with 4% isoflurane (Shenzhen Reward Life
Technology Co., Ltd) and then euthanised through rapid
spinal dislocation. Blood was collected from mice via retro-
orbital bleeding under anesthesia. Organs (liver, colon, and
the content of colon) and fat [perirenal fat®° (refers to the fat
surrounding the kidneys in mice (peri-renal adipose tissue)),
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peritesticular fat®' (refers to the fat surrounding the testes and
associated structures (e.g., epididymis, spermatic cord) in mice),
and mesenteric fat*> (dissected from the jejunoileal mesentery
following vascular landmarks)] were collected, rinsed with 0.9%
saline, and the fat weighed rapidly. The collected blood was cen-
trifuged at 2000 rpm at 4 °C for 15 min, and the resultant super-
natant was collected to measure biochemical indicators. All
samples were frozen at —80 °C for later use.

2.4 Serum biochemical indicators

The aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT), total cholesterol (TC), triglycerides (TG), high-
density lipoproteins (HDL), and low-density lipoproteins (LDL)
in serum were detected by an automatic biochemical analyser
(Mindray BS-220) and a special kit. The insulin (INS), lipopoly-
saccharide (LPS), oxidized low-density lipoprotein (OX-LDL),
trimethylamine N-oxide (TMAO), glucagon-like peptide-1
(GLP-1), interleukin-1f (IL-1p), interleukin-6 (IL-6), and tumor
necrosis factor-o (TNF-a) in serum were measured using
mouse enzyme-linked immunosorbent assay kits (Shanghai
Sanyan Biotechnology Center), according to the manufac-
turer’s instructions.

2.5 Oil red O staining and hematoxylin and eosin (H&E)
staining of liver tissue

The liver tissue samples were fixed using 4% paraformalde-
hyde, paraffin-embedded, cut into sections. Oil red oxygen
dyeing was performed with the modified oil red oxygen stain-
ing kit (Solarbio Life Sciences, Beijing, China), following the
instruction provided by the manufacturer. Hematoxylin-eosin
(HE) staining was performed using HE staining kit (Solarbio);
stains were then assessed via microscopy (Leica-DM4B,
Germany).

2.6 16S rDNA sequencing

The content of colon was 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,
GGACTACHVGGGTATCTAAT) was polymerase chain reaction
(PCR)-amplified using suitable primers with barcodes. The
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resulting amplicons were purified, quantified, and subjected
to equimolar pooling for paired-end sequencing (PE250) on an
Ilumina 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 algorithm, and the remaining tags underwent
downstream analyses. The most abundant sequence in each
OTU served as a representative sequence. Following OTU deter-
mination, the gut microbiota indices were assessed using the
Omicsmart platform (Gene Denovo Biotechnology Co., Ltd
Guangzhou, China; https://www.omicsmart.com).

2.7 Liver and colon transcriptomic analysis

RNA extraction, construction of a sequencing library, and tran-
scriptome sequencing were carried out by Gene Denovo
Biotechnology Co. (Guangzhou, China). A trizol reagent kit
(Invitrogen, Carlsbad, CA, USA) was used to extract the total
RNA. The quality of RNA was assessed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and
checked using RNase-free agarose gel electrophoresis. After
mRNA was reverse transcribed into cDNA, the double-stranded
cDNA fragment was connected to the Illumina sequencing
connector. Then, they were purified with AMPure XP beads
(Beckman, Agencourt, USA) and amplified using polymerase
chain reaction (PCR), and the obtained library was commer-
cially sequenced using Illumina Novaseq 6000 sequencer.
Fastp®® (version 0.18.0) was used to further filter high-quality
clean reads and remove reads containing connectors, reads
containing more than 10% unknown nucleotides, and low-
quality reads containing more than 50% of low-quality
(Q-value <20) bases. The reading fragments were mapped to
the ribosomal RNA database by using the short reads align-
ment tool Bowtie (version 2.2.8).>* An index of the reference
genome was constructed, and pairs of clean terminal reads
were mapped to the reference genome using HISAT2. 2.4.
Other parameters were set as default values. The mapped
reads of each sample were assembled with a reference-based
method using StringTie v1.3.1. Principal component analysis
(PCA) was performed using the R package gmodels [R: The R
Project for Statistical Computing (r-project.org)]. Gene Set
Enrichment Analysis (GSEA) analysis is used for the differen-
tial genes of the whole data. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment and the Gene Ontology
(GO) enrichment analysis were used to explore biological func-
tions in depth.

2.8 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
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normally distributed data for which the variance was nonho-
mogeneous, we used Dunnett’s T3 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. For
categorical data comparisons (e.g., obesity rates across groups),
Chi-square test was applied if >80% of cells in the contingency
table had expected frequencies >5, and no cell had an
expected frequency <1, Fisher’s exact test was used when the
above criteria were not met. Differences were considered sig-
nificant at the a = 0.05 level.

3. Results

3.1 Weight and food energy intake

As shown in Fig. 1(A and B), in the preventive experiment, the
body weight of mice in all groups was similar at week 0 (P >
0.05). After 8 weeks of intervention, under the condition of no
statistically significant difference in food energy intake (P >
0.05), no statistically significant differences in body weights
were observed between the intervention groups and the HFD
group (P > 0.05), and no dose-dependent effect was detected. A
statistically significant difference in obesity rates was observed
across the groups (y* = 9.011, df = 3, P = 0.029). The obesity
rates in the intervention groups were significantly lower than
those in the high-fat diet control group (P < 0.05), the detail
was showed in Fig. 1(C).

As showed in Fig. 1(D and E), in the control experiment, the
body weights of the modeled mice were 29.87 + 0.84 g (vs. ND
group 25.66 + 1.04 g, P < 0.05) after modeling. No statistically
significant differences in food energy intake were observed
between the intervention groups and the HFD_2 group during
the intervention period (P > 0.05). After 10 weeks of interven-
tion, Neu5Ac_M2 group exhibiting the lowest weight gain rate,
significantly lower than that of the HFD_2 group (P < 0.05), the
detail was showed in Fig. 1(F).

3.2 Fat mass, lean mass and perivisceral fat

As shown in Fig. 2(A), in the preventive experiment, after 8
weeks of intervention, the total fat mass in all intervention
groups was significantly lower than that in the HFD_1 group (P <
0.05), indicating that sialic acid intervention effectively reduced
fat accumulation caused by a high-fat diet. The lean tissue
content in the Neu5Ac_M1 group was significantly higher than
that in the HFD_1 group (P < 0.05) [Fig. 2(B)]. The weights of epi-
didymal fat, perirenal fat, and mesenteric fat were similar across
all groups (P > 0.05), the detail was showed in Fig. 2(C-E).

In the control experiment, the total fat mass in the
Neu5Ac_M2 group was significantly lower than that in the
HFD_2 group (P < 0.05) [Fig. 2(F)], and its lean tissue weight
was significantly higher (P < 0.05). No statistically significant
differences were observed between other intervention groups
and the HFD_2 group (P > 0.05) [Fig. 2(G)]. Fat weight measure-
ments for different organs revealed that — peritesticular fat and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Effects of N-acetylneuraminic acid intervention on body weight and energy intake in high fat-diet mice. (A—C) Preventive experiment: (A)
changes in body weight from weeks 0 to 10 of the intervention. Note: * denotes statistically significant differences between groups; (B) average daily
food energy intake per mouse; (C) percentage of obesity; (D—F) control experiment: (D) changes in body weight from weeks 0 to 10 of the interven-
tion. Note: * denotes statistically significant differences between groups; (E) average daily food energy intake per mouse; (F) weight gain rate. The
difference between values with completely different superscripts was statistically significant, P < 0.05. Data are means + SD (n = 12).

mesenteric fat in the Neu5Ac_M2 group were significantly
lower than those in the HFD_2 group (P < 0.05), the detail was
showed in Fig. 2(H and I).

3.3 Fasting blood glucose and OGTT test

As shown in Fig. 3(A), in the prevention experiment, compared
to the HFD group, the FBG levels in all intervention groups
were significantly lower than those in the HFD_1 group (P <
0.05). The changes in the OGTT curve and the comparison of
the areas under the curve indicated that, compared to the
HFD_1 group, the intervention groups had better glucose toler-
ance (P < 0.05), but still worse than the ND_1 group, with no
significant dose-response relationship observed, the detail
was showed in Fig. 3(B and C). The insulin levels in the
Neu5Ac_M1 group were significantly lower than those in the
HFD_1 group (P < 0.05), the detail was showed in Fig. 3(D).

As shown in Fig. 3(E), in the control experiment, the FBG
levels in the Neu5Ac_M2 and Neu5Ac_H2 groups were lower
than those in the HFD_2 group (P < 0.05). The changes in the
OGTT curve and the comparison of the areas under the curve
showed that the intervention groups had better glucose toler-
ance than the HFD_2 group, with no significant dose-response

This journal is © The Royal Society of Chemistry 2025

relationship observed, the detail was showed in Fig. 3(F and
G). The insulin levels in the Neu5Ac_M2 group were signifi-
cantly lower than those in the HFD_2 group (P < 0.05), the
detail was showed in Fig. 3(H).

3.4 Blood lipids and serum inflammatory cytokine

Whether in the prevention or control experiment, the results
of body weight, body fat, and blood glucose all showed no sig-
nificant dose-response relationship for the intervention effects
of Neu5Ac in the three dosage groups. The medium-dose
group was selected as a representative for comparing blood
lipid levels and serum inflammatory cytokine.

As shown in Fig. 4(A-D), in the prevention experiment, the
TG, TC, and LDL levels in the Neu5Ac_M1 group showed no
statistically significant differences compared to those in the
HFD_1 group. However, HDL was higher in the
Neu5Ac_M1 group compared to the HFD_1 group (P < 0.05). As
shown in Fig. 4(E-H), serum inflammatory cytokines (IL-1p,
IL-6, and TNF-a) in the Neu5Ac_M1 group were no significantly
lower than those in the HFD_1 group (all P > 0.05),
while serum GLP-1 levels were higher than in the
HFD_1 group (P < 0.05).
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mass; (G) lean mass; (H) peristermal fat weight; (I) perirenal fat weight; (J) mesenteric fat weight. The difference between values with completely
different superscripts was statistically significant, P < 0.05. Data are means + SD (n = 12).
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Fig. 3 Effects of N-acetylneuraminic acid intervention on blood glucose levels and glucose regulation in high fat-diet mice. (A—D) Preventive
experiment: (A) FBG (fasting blood glucose); (B) OGTT (oral glucose tolerance tests); (C) the relative value of the area under the OGTT curve (with
the HFD group as the reference); (D) INS (insulin in sera); (E—H) control experiment: (E) FBG (fasting blood glucose); (F) OGTT (oral glucose tolerance
tests); (G) the relative value of the area under the OGTT curve (with the HFD group as the reference); (H) INS (insulin in sera). The difference between
values with completely different superscripts was statistically significant, P < 0.05. Data are means + SD (n = 12).

As shown in Fig. 4(I-L), in the control experiment, the TG, in the HFD_2 group (P < 0.05). As shown in Fig. 4(M-P), serum
TC, and LDL levels in the Neu5Ac_M2 group were lower than inflammatory cytokines (IL-1p, IL-6, and TNF-a) in the
those in the HFD_2 group (P < 0.05), and HDL was higher than Neu5Ac_M2 group were significantly lower than those in the
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Fig. 4 Effects of N-acetylneuraminic acid intervention on blood lipids and serum inflammatory cytokine in high fat-diet mice. (A—H) Preventive
experiment: (A) TG (triglycerides); (B) TC (total cholesterol); (C) LDL (low-density lipoprotein); (D) HDL (high-density lipoprotein); (E) IL-1p; (F) IL-6;
(G) TNF-o; (H) GLP-1; (I-P) control experiment: (I) TG (triglycerides); (J) TC (total cholesterol); (K) LDL (low-density lipoprotein); (L) HDL (high-

density lipoprotein); (M) IL-1p; (N) IL-6; (O) TNF-o; (P) GLP-1.

HFD_2 group (all P < 0.05), and serum GLP-1 levels were
higher than in the HFD_2 group (P < 0.05).

3.5 Gut microbiota

As shown in Fig. 5(A and B), in the prevention experiment:
species analysis (phylum level, Fig. 5A): compared with the
HFD_1 group, the Neu5Ac_M1 group showed a significant
increase in the proportion of Verrucomicrobiota and a marked

This journal is © The Royal Society of Chemistry 2025

decrease in Bacteroidota. Species analysis (genus level, Fig. 5B):
in the Neu5Ac_M1 group, the proportions of Akkermansia and
Blautia were significantly higher, while Faecalibaculum and
Bacteroides were significantly reduced compared to the
HFD_1 group. Functional analysis [Fig. 5(C-G)]: at level 2, the
functional profile of gut microbiota in the Neu5Ac_M1 group
followed a similar trend to that of the HFD_1 group. At level 3,
Neu5Ac_M1 intervention led to enriched functions associated

Food Funct., 2025, 16, 5151-5165 | 5157
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Fig. 5 Effects of N-acetylneuraminic acid intervention on gut microbiota in high fat-diet mice. (A—G) Preventive experiment: (A) relative abundance
at the phylum level; (B) relative abundance at the genus level; (C) species abundance stacked area plot; (D) canonical correspondence analysis of
correlations between serum TC, TG, and HDL with intestinal flora; (E) canonical correspondence analysis of correlations between serum IL-1p, IL-6,
and TNF-a with intestinal flora; (F) B-class functional classification of colonic flora based on the PICRUSt2 reference sequence; (G) C-class func-
tional classification of colonic flora based on the PICRUSt2 reference sequence. (H-N) Control experiment: (H) relative abundance at the phylum
level; (1) relative abundance at the genus level; (J) species abundance stacked area plot; (K) canonical correspondence analysis of correlations
between serum GPL-1, IL-1, IL-6, and TNF-a with intestinal flora; (L) canonical correspondence analysis of correlations between serum TC, TG, LDL
and HDL with intestinal flora; (M) B-class functional classification of colonic flora based on the PICRUSt2 reference sequence; (N) C-class functional

classification of colonic flora based on the PICRUSt2 reference sequence.

with Oxidative phosphorylation, ribosome, amino sugar and
nucleotide sugar metabolism, mismatch repair, and biosyn-
thesis of vancomycin group antibiotics. These functions are
beneficial for gut energy metabolism and maintaining genetic
stability. Compared with the ND_1 group, the gut microbiota
in the HFD_1 group was associated with elevated blood lipid
levels [LDL (Envfit 7 = 0.44, FDR-adjusted p = 0.028), HDL
(Envfit 7* = 0.74, FDR-adjusted p = 0.003)] and increased serum
inflammatory factors [IL-6 (Envfit 7* = 0.59, FDR-adjusted p =
0.003), IL-1p (Envfit 7 = 0.56, FDR-adjusted p = 0.012)].
Although the intervention altered the gut microbiota structure,
no significant negative correlation was observed between the
modified microbiota and the elevated blood lipid/serum
inflammatory levels, and the microbiota composition
remained distinct from that of the ND_1 group.

As shown in Fig. 5(H-I), in the control experiment: species
analysis [phylum level, Fig. 5(H)]: compared with the
HFD_2 group, the Neu5Ac_M2 group demonstrated a signifi-

cant reduction in the proportions of Firmicutes and
Desulfobacterota, while the proportion of Proteobacteria
increased. Species analysis (genus level, Fig. 5I): the

Neu5Ac_M2 group exhibited significantly higher levels of
Akkermansia and Proteus, while the proportions of Enterobacter

5158 | Food Funct., 2025, 16, 5151-5165

and Bacillus were reduced compared to the HFD_2 group.
analysis [Fig. 5(-N)]: at level 2, the
Neu5Ac_M2 group showed an opposing trend to the
HFD_2 group, with a significant increase in glycan biosyn-
thesis and metabolism and a decrease in xenobiotics bio-
degradation and metabolism. At level 3, functional microbial
abundances related to ribosome, RNA degradation, glycolysis/
gluconeogenesis, and peptidoglycan biosynthesis increased.
Conversely, functions related to fatty acid biosynthesis and
alanine, aspartate, and glutamate metabolism decreased.
Furthermore, the alterations in gut microbiota were correlated
with serum inflammatory factors [IL-1p (Envfit * = 0.56, FDR-
adjusted p = 0.012), IL-6 (Envfit 7 = 0.45, FDR-adjusted p =
0.033)], suggesting microbiota-mediated regulation of inflam-
matory pathways [Fig. 5(K)]. The gut microbiota profile of the
Neu5Ac_M2 group demonstrated a negative association with
hyperlipidemia [TG (Envfit 7 = 0.65, FDR-adjusted p = 0.004),
TC (Envfit 7 = 0.42, FDR-adjusted p = 0.041)] when compared
with the HFD_1 group [Fig. 5(L)].

Functional

3.6 Liver and colon transcriptome

As shown in Fig. 6(A-C): the liver transcriptome results of the
prevention group revealed that compared to the HFD_1 group,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Effects of N-acetylneuraminic acid intervention on liver and colon transcriptome in high fat-diet mice. (A—F) Preventive experiment: (A) scat-
terplot showing differences in transcript expression levels across multiple groups; (B and C) functional analysis of differential transcriptional
expression in the liver (Neu5Ac_1 vs. HFD_1 groups): (B) top 15 GO pathways enriched with differentially expressed transcripts between the
Neu5Ac_1 and HFD_1 groups; (C) top 15 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched with differentially expressed tran-
scripts between the Neu5Ac_1 and HFD_1 groups; (D) scatterplot showing differences in transcript expression levels across multiple groups; (E and
F) functional analysis of differential transcriptional expression in the colon (Neu5Ac_1 vs. HFD_1 groups): (E) top 15 GO pathways enriched with
differentially expressed transcripts between the Neu5Ac_1 and HFD_1 groups; (F) top 15 KEGG pathways enriched with differentially expressed tran-
scripts between the Neu5Ac_1 and HFD_1 groups; (G-L) control experiment: (G) scatterplot showing differences in transcript expression levels
across multiple groups; (H and 1) functional analysis of differential transcriptional expression in the colon (Neu5Ac_2 vs. HFD_2 groups): (H) top 15
GO pathways enriched with differentially expressed transcripts between the Neu5Ac_2 and HFD_2 groups; (I) top 15 KEGG pathways enriched with
differentially expressed transcripts between the Neu5Ac_2 and HFD_2 groups; (J) scatterplot showing differences in transcript expression levels
across multiple groups; (K and L) functional analysis of differential transcriptional expression in the liver (Neu5Ac_2 vs. HFD_2 groups); (K) top 15 GO
pathways enriched with differentially expressed transcripts between the Neu5Ac_2 and HFD_2 groups; (L) top 15 KEGG pathways enriched with
differentially expressed transcripts between the Neu5Ac_2 and HFD_2 groups.
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289 differentially expressed genes were upregulated, and 77
were downregulated in the Neu5Ac_M1 group. GASE analysis
indicated that the top 15 GO-enriched pathways of these differ-
entially expressed genes were primarily related to energy
metabolism, biosynthesis, cell signal transduction, and
immune response functions, contributing to the improvement
of mitochondrial function and enhanced energy metabolism.
The top 15 KEGG-enriched pathways were primarily associated
with diseases, immune response, energy metabolism, oxidative
stress, and metabolic disorders, indicating an improvement in
energy metabolism disorders, oxidative stress, inflammation,
and metabolic regulation imbalance. Following the interven-
tion, the Neu5Ac_M1 group exhibited significantly decreased
serum levels of AST, ALT, LPS, and OX-LDL compared to the
HFD_1 group (all P < 0.05), along with improved hepatic archi-
tecture and decreased ballooning degeneration [see Fig. 7(A-E)
]. These findings suggest that the intervention confers protec-
tive effects against oxidative damage and hepatic dysfunction.

As shown in Fig. 6(D-F): the colon transcriptome results of
the prevention group showed that compared to the
HFD_1 group, 21 differentially expressed genes were upregu-
lated, and 103 were downregulated in the Neu5Ac_M1 group.
GASE analysis indicated that the top 15 GO-enriched pathways
were mainly related to extracellular matrix (ECM) formation
and function, signal transduction, regulation of cell structure
and function, as well as tissue development and disease regu-
lation. These findings suggest a reduction in morphological
and functional changes in the tissues. The top 15 KEGG-
enriched pathways were associated with gene expression,
protein synthesis, ECM function, signal transduction, glycosy-
lation, and metabolic regulation. Neu5Ac intervention downre-
gulated pathways related to glucose metabolism and modifi-
cation, mitigating the impact of a high-fat diet on glucose
metabolism, ECM, and signal transduction.

As shown in Fig. 6(G-1): the colon transcriptome results of
the control group revealed that compared to the HFD_2 group,
3 differentially expressed genes were upregulated, and 123
were downregulated in the Neu5Ac_M2 group, with fewer
differentially expressed genes. GASE analysis showed that the
top 15 GO-enriched pathways were primarily involved in
immune response, cell signal transduction, antigen processing
and presentation, and cell motility and matrix interactions.
Neu5Ac intervention reduced colonic immune response and
inflammation. The top 15 KEGG-enriched pathways were pri-
marily associated with signal transduction, metabolic regu-
lation, immune response, cancer development, and molecular
mechanisms of specific diseases. Neu5Ac intervention downre-
gulated pathological signaling pathways related to bacterial
infections, cancer pathways, and intestinal inflammation.

As shown in Fig. 6(J-L): the liver transcriptome results of
the control group demonstrated that compared to the
HFD_2 group, 7 differentially expressed genes were upregu-
lated, and 24 were downregulated in the Neu5Ac_M2 group.
GASE analysis indicated that the top 15 GO-enriched pathways
were primarily related to antigen processing and presentation,
immune receptor functions, and extracellular matrix structure.

5160 | Food Funct.,, 2025, 16, 5151-5165

View Article Online

Food & Function

Neu5Ac intervention downregulated adaptive immune acti-
vation and response pathways. The top 15 KEGG-enriched
pathways were mainly associated with immune function regu-
lation and mechanisms of immune-related diseases, showing
that Neu5Ac intervention reduced autoimmune damage and
improved immune imbalance caused by a high-fat diet.
Following the intervention, the Neu5Ac_M2 group showed sig-
nificantly reduced serum levels of ALT, TMAO, and OX-LDL
compared to the HFD_2 group (all P < 0.05), along with
improved hepatic architecture and decreased lipid vacuolation
[see Fig. 7(F-I) ]. These results indicate that the intervention
exerts protective effects against oxidative damage and liver
dysfunction.

4. Discussion

Obesity is an energy balance disorder, primarily characterized
by disruptions in glucose and lipid metabolism. This con-
dition is commonly associated with symptoms such as hyperli-
pidemia and hyperglycemia, posing a significant threat to
global health.?® In this study, we observed that sialic acid inter-
vention had positive effects on lipid and glucose metabolism
regulation in both the prevention and control models.
Specifically, sialic acid improved glucose tolerance and
reduced insulin levels in the mice. Thus, in the high-fat diet
model, sialic acid plays a crucial role in addressing the imbal-
ance in glucose and lipid metabolism. The prevention and
control experiments revealed different effects between the two
models. In the following section, we will discuss how sialic
acid intervention prevents obesity in high-fat diet mice and
improves glucose and lipid metabolism in obese mice. The
goal is to provide insights into the potential effectiveness of
sialic acid in addressing glucose and lipid metabolism dis-
orders and, possibly, preventing or controlling obesity.

In this study, compared to the intervention group, the
model control mice exhibited a higher rate of weight gain,
increased blood lipids, and significantly reduced glucose toler-
ance. Both experimental groups showed an increase in the
abundance of intestinal microbiota associated with energy
metabolism and a restructuring of the gut microbiota.
Notably, Neu5Ac intervention led to a significant increase in
the abundance of Akkermansia bacteria, which plays a key role
in promoting intestinal mucosal tissue repair through the pro-
duction of short-chain fatty acids (SCFAs). SCFAs, which serve
as substrates for both bacteria and the host, are negatively cor-
related with inflammatory cytokines and other harmful
factors. Additionally, SCFAs can stimulate GLP-1 production,
further supporting intestinal barrier function.’®*” In the pre-
vention group, chronic inflammatory markers did not signifi-
cantly differ from the model group, and no correlation was
observed between these markers and the intestinal microbiota.
However, after a longer duration in the control group, a corre-
lation between the reduction in chronic inflammatory
markers, the increase in GLP-1 levels, and changes in the gut
microbiota was observed.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Effects of N-acetylneuraminic acid intervention on hepatic function, pathology, and oxidative stress markers in high fat-diet mice. (A-D)
Preventive experiment: (A) AST (Aspartate Aminotransferase); (B) ALT (Alanine Aminotransferase); (C) LPS (Lipopolysaccharide); (D) OX-LDL (Oxidized
Low-Density Lipoprotein); (E) hematoxylin and eosin (H&E) staining of liver tissue; (F-J) control experiment: (F) AST (Aspartate Aminotransferase); (G)
ALT (Alanine Aminotransferase); (H) TMAO (Trimethylamine N-oxide); (I) OX-LDL (Oxidized Low-Density Lipoprotein); (J) oil red O staining of liver
tissue.
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Transcriptome analysis of the liver and colon revealed that
Neu5Ac intervention influenced pathological signaling path-
ways related to energy metabolism, immune response, and oxi-
dative stress (including chemical carcinogenesis - reactive
oxygen species, oxidative phosphorylation, PPAR signaling
pathway, and the AGE-RAGE signaling pathway in diabetic
complications). Combined with observed reductions in serum
oxidative stress markers (OX-LDL and TMAO levels), these find-
ings collectively indicate that the intervention effectively allevi-
ates oxidative stress. Notably, the observed reduction in pro-
inflammatory cytokines (e.g., IL-6, TNF-a) further supports the
intervention’s dual role in mitigating both inflammation and
oxidative stress. Studies have shown that the intestinal lamina
propria contains a high concentration of both innate and
adaptive immune cells.*®?° High-fat diet-induced intestinal
dysbiosis is often accompanied by disruption of the intestinal
barrier, alterations in immune cell types, and increased
expression of inflammatory cytokines. These changes may
exacerbate dysbiosis and promote the development and pro-
gression of metabolic diseases. Sialic acid, on the other hand,
undergoes extensive modification in the intestinal environ-
ment and plays a critical role in host-microbe interactions.***!
The homeostasis of intestinal mucus is closely tied to glycosy-
lation, with sialic acid present at the terminal ends of mucin
glycans. These sialylated mucins directly interact with intesti-
nal microorganisms. Dietary sialic acid contributes to the
body’s sialic acid pool, which is integrated into host surface
glycans and can provide essential nutrients for intestinal
microbiota. Sialylated mucin also protects the mucosal glyco-
protein MUC2 from proteolytic degradation by the intestinal
flora, thereby maintaining the integrity of the intestinal mucus
layer.*> We hypothesize that Neu5Ac intervention may reduce
blood lipids by modulating the gut microbiota, maintaining
intestinal barrier homeostasis, mitigating oxidative stress,
reducing immune-mediated inflammation through the gut-
liver axis, improving insulin sensitivity, and ultimately lower-
ing blood lipid levels.

Notably, our findings revealed that Neu5Ac significantly
increased lean mass in HFD-fed mice, despite comparable
caloric intake between the HFD and Neu5Ac groups (both
higher than the ND group). High-fat diet-induced gut dysbiosis
disrupts intestinal barrier integrity, increasing permeability
and systemic translocation of bacterial metabolites such as
LPS and TMAO. These compounds propagate chronic inflam-
mation through elevated pro-inflammatory cytokines (IL-1,
IL-6, TNF-a) and oxidative stress, collectively suppressing
muscle protein synthesis while accelerating proteolysis.**™*
Neu5Ac counteracts these effects through dual mechanisms:
restoring gut microbiota homeostasis and enhancing intesti-
nal barrier integrity, while modulating energy metabolism to
reduce circulating LPS/TMAO levels. This coordinated action
mitigates inflammation and oxidative damage, thereby rever-
sing muscle anabolic suppression and catabolic activation.
Collectively, Neu5Ac’s multi-target activity synergistically ame-
liorates HFD-induced metabolic and inflammatory dysregula-
tion via the gut-microbiota-metabolism-muscle axis, providing

5162 | Food Funct., 2025, 16, 5151-5165

View Article Online

Food & Function

a novel therapeutic avenue for obesity-related metabolic
myopathies.

However, we observed differences in both the abundance
and function of certain gut microbiota between the prevention
and control experiments, particularly regarding the abundance
of glycan-modified signal-related microbiota. In the
Neu5Ac_M2 control experiment, compared to the prevention
experiment, we observed an opposite trend in the intestinal
microbiota and the HFD_2 group. Notably, the abundance of
functional microbiota involved in processes such as glycolysis/
gluconeogenesis and peptidoglycan biosynthesis increased at
level 3. Peptidoglycan biosynthesis is crucial for synthesizing
peptidoglycan, a major component of the bacterial cell wall.
Enhanced biosynthesis of peptidoglycan may indicate an
increase in the microbial community’s defense capacity or
barrier stability,*® potentially influenced by Neu5Ac. Neu5Ac, a
key component of cell surface glycans, is a family of nine-
carbon ketone-based acidic monosaccharides and their deriva-
tives, typically found at the distal ends of glycans. It functions
as a “bridge” molecule, linking cells to one another and to the
extracellular matrix. However, high-fat diets can disrupt the
metabolism of Neu5Ac. Studies have shown that a high-fat diet
can reduce the sialylation of immunoglobulin IgG, leading to
decreased sialylation levels. Hypoglycosylated IgG activates the
FcyRIIB receptor on endothelial cells, contributing to obesity-
induced insulin resistance.”” Moreover, glycans on key liver
proteins involved in glucose metabolism, such as the insulin
receptor (IR) and glucagon receptor (GCGR), are terminally sia-
lylated during glucose metabolism.*® Additionally, sialyltrans-
ferases (STs) mediate Neu5Ac terminal residue modifications
in mucins. In terms of glycan chain modification, the control
group showed a better intervention effect than the prevention
group. In an obese state, sugar chain signaling may undergo
significant changes, and Neu5Ac supplementation may help
restore normal glycan structure and function. This, in turn,
could improve the structure and function of the intestinal
microbiota, support immune homeostasis in the intestine and
liver, mitigate the inflammatory state, and enhance the body’s
ability to metabolize glucose and lipids.

We propose that Neu5Ac intake may help alleviate obesity-
related pathologies, such as glucose-lipid metabolism dis-
orders induced by high-fat diets. Traditionally, abnormal
glucose and lipid metabolism are treated with drugs like
statins and metformin. However, due to the complex regu-
lation of glycolipid metabolism, these therapies target only
single pathways and carry risks of adverse reactions. Given
Neu5Ac’ s protective effects on the intestinal barrier and
immune system, we suggest that combination therapy, inte-
grating traditional drugs with Neu5Ac, could offer a more
effective approach.

5. Conclusion

Neu5Ac interventions have shown a beneficial effect on
glucose and lipid metabolism disorders in both the prevention

This journal is © The Royal Society of Chemistry 2025
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and control models. However, the effectiveness and underlying
mechanisms may differ between the two models. The control
group demonstrated a more pronounced effect, likely due to
sialic acid’s ability to reverse the pathological state of obesity,
regulate the intestinal microbiota, modulate immune signal-
ing, and protect glyco-modified states. Future studies should
explore the specific molecular mechanisms of sialic acid inter-
vention, particularly its role in improving glycolipid metab-
olism through the regulation of glycan chain signaling.
Additionally, examining the dose-response relationship, indi-
vidual variability, and interactions with other metabolic regu-
lators of sialic acid will be crucial for advancing this research.
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