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1. Introduction

A fructo-oligosaccharide and sea buckthorn
complex ameliorates glucose and lipid metabolism
in type 2 diabetic (T2DM) rats via metabolic and
anti-inflammatory pathways

+*® Yanwu Chen,*® Qianya Xiao,®® Zijin Huang,®®
%a,b,c and

Ling Chen, © ° Hualin Liu,
Ziying Li,*® Xiaofei Zhang,®® Xueying Fan,?® Meichen Xiao,?® Xiaomin Li
Yuan Yao Chen (2 *ab

This study investigated the effects and underlying mechanisms of a fructo-oligosaccharide (FOS) and sea
buckthorn complex (FS) on blood glucose and lipid metabolism in type 2 diabetic mellitus (T2DM) rats.
The T2DM model was induced by a high-fat diet (HFD) combined with alloxan administration. Prior to rat
experiments, the synergistic hypoglycemic and hypolipidemic effects of FOS and sea buckthorn have been
verified by zebrafish experiments. FS intervention significantly reduced fasting blood glucose, triglycerides
(TQ), total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) in rats, although high-density lipo-
protein cholesterol (HDL-C) showed a non-significant increasing trend. 16S rDNA sequencing revealed that FS
significantly reshaped gut microbiota; it enriched beneficial genera (e.g., Akkermansia, Bifidobacterium) and
suppressed inflammation-associated taxa (e.g., Escherichia—Shigella). Transcriptomic analysis indicated that FS
reversed aberrant expression of inflammation-related genes (e.g., Retnlg, Retnlb, Bmp2 in the colon) and
metabolism-related genes (e.g., Gpam, Cptla in the liver), activating pathways including fat digestion and
absorption and fatty acid metabolism, while inhibiting immune-inflammatory pathways (e.g., the “TNF signal-
ing pathway", “Th17 cell differentiation”). Serum bile acid (BA) profiling showed FS modulated levels of primary
and secondary BAs (e.g. CA, a-MCA, HDCA, GHDCA), restoring metabolic homeostasis. Pearson correlation
analyses demonstrated robust associations among key microbiota, BAs, blood glucose/lipid indices, and farne-
soid X receptor (FXR/Nrlh4) expression, supporting a regulatory network involving the gut-liver axis. This
study elucidates the multi-target mechanisms by which FS ameliorates glucolipid metabolic disorders in
T2DM, via gut microbiota remodeling, attenuation of intestinal/hepatic inflammation, and BA metabolism
crosstalk, providing a theoretical basis for prebiotic-based precision nutrition.

and vitamin B12 deficiency.* These limitations underscore the
urgent need for novel therapeutic strategies. Beyond insulin dys-

Type 2 diabetes mellitus (T2DM) is a chronic metabolic dis-
order primarily characterized by impaired insulin secretion
and/or insulin resistance and has become a major global public
health challenge.” Current pharmacological interventions (e.g.,
metformin and GLP-1 receptor agonists) partially regulate blood
glucose but often fail to control lipid disorders and cause adverse
effects.> Moreover, long-term use of these medications is associ-
ated with adverse effects including gastrointestinal disturbances
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function, accumulating evidence highlights gut microbiota dys-
biosis and gut-liver axis disruption as key pathogenic factors:
T2DM patients exhibit reduced beneficial short-chain fatty
acid (SCFA)-producing Dbacteria (Akkermansia muciniphila,
Faecalibacterium prausnitzii) and increased endotoxin-producing
taxa (Escherichia coli),®® which impair intestinal barrier integrity
and trigger systemic inflammation.

Prebiotics exhibit unique advantages in the management of
T2DM by regulating the gut microbiota.” Among them, dietary
administration of fructo-oligosaccharides (FOS) can signifi-
cantly ameliorate multiple metabolic abnormalities in T2DM
mice induced by a high-fat diet (HFD), including insulin resis-
tance, systemic inflammation, oxidative stress, dyslipidemia,
and hepatic steatosis.'® A meta-analysis involving 607 adult
T2DM participants further indicated that FOS supplemen-

Food Funct., 2026,17, 4415-4436 | 4415


http://rsc.li/food-function
http://orcid.org/0000-0001-6813-8338
http://orcid.org/0000-0002-3630-5522
http://orcid.org/0000-0003-2962-3466
http://crossmark.crossref.org/dialog/?doi=10.1039/d5fo04996b&domain=pdf&date_stamp=2026-05-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo04996b
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO017010

Open Access Article. Published on 24 April 2026. Downloaded on 6/14/2026 2:46:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

tation is positively associated with reduced fasting insulin
levels and increased high-density lipoprotein cholesterol
(HDL-C)."* The potential mechanisms underlying these
benefits include promoting the proliferation of beneficial bac-
teria such as Bifidobacterium,'®* facilitating gut bacterial fer-
mentation to produce SCFAs and regulating bile acids (BAs),
both of which interact with host metabolism,**'* as well as
inhibiting the growth of pathogenic bacteria, reducing the pro-
duction of lipopolysaccharide (LPS), and restoring intestinal
barrier integrity to alleviate inflammation.'>'® Sea buckthorn
(Hippophae rhamnoides L.) is a traditional Chinese herbal
medicine rich in bioactive components (polyphenols, fatty
acids, vitamins, and phytosterols)'” and it also exerts potential
beneficial effects on metabolic disorders.’®° In vitro and
in vivo experiments (including cell lines, animal models, and
human patients) have shown that sea buckthorn can lower
blood lipid, blood pressure, and blood glucose levels and regu-
late key metabolites;*" its antioxidant compounds further alle-
viate intestinal oxidative damage,>” creating a favorable micro-
environment for the gut microbiota. 16S rDNA sequencing
analysis further confirms that sea buckthorn treatment signifi-
cantly reduces body weight and blood glucose levels in dia-
betic mice, while restoring the normal abundance of
Bifidobacterium, Lactobacillus and Bacillus.”®

However, most current studies focus on single-component
interventions. Despite the comprehensive metabolic benefits
of FOS, their effect on hepatic lipid metabolism remains
limited when used alone. For sea buckthorn, although it regu-
lates the gut microbiota and improves metabolic indicators,
there is still insufficient evidence to confirm its role in “gut
microbiota-BAs” crosstalk. Therefore, whether the combi-
nation of FOS and sea buckthorn exerts a synergistic effect on
T2DM remains an open question. To address this gap, we first
performed a preliminary zebrafish experiment to verify the
synergistic hypoglycemic and hypolipidemic effects of FOS and
sea buckthorn, which provided a basis for subsequent rat
experiments (see SI filel.docx for details). Based on this, we
hypothesize that the FOS-sea buckthorn complex (FS) exerts
synergistic ameliorative effects on T2DM via the “gut micro-
biota-BAs-host” axis. Using multi-omics technologies (16S
rDNA sequencing, transcriptomics, serum BA profiling), this
study aims to: (1) elucidate FS-induced changes in gut micro-
biota composition and their associations with BA profiles; (2)
decipher FS’s regulatory effects on colon inflammatory genes
and liver metabolic genes and key pathways; (3) identify predic-
tive biomarkers for FS efficacy. This work will lay a theoretical
foundation for prebiotic-based precision nutrition strategies
targeting T2DM.

2. Materials and methods
2.1 Animals, T2DM model and FS complex

Male specific pathogen-free (SPF) Sprague-Dawley rats (Rattus
norvegicus, weight 130-170 g) were purchased from Zhuhai
Bestest Biotechnology Co., Ltd (Zhuhai, Guangdong, China)
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and housed in an SPF-grade environment. The rats were
housed in alternating light and dark cycles at a temperature of
22 °C + 2 °C, humidity of 60% + 10%, and differential pressure
of >10 Pa. T2DM was induced by feeding the rats a high-fat
diet combined with low-dose alloxan administration, resulting
in insulin resistance and T2DM development. The FS complex
applied in this study was mainly composed of FOS and sea
buckthorn powder, supplied by Perfect (Guangdong) Co., Ltd
(zhongshan, Guangdong, China). To clarify the chemical basis
of the FS complex, quantitative analysis of its key components
was conducted using high-performance liquid chromato-
graphy (HPLC, Agilent 1260 Infinity III RID). The purity of FOS
was determined to be 94.9%, with its major polymeric com-
ponents including kestose (50.1%), nystose (40.3%), and fruc-
tofuranosylnystose (4.5%). Fresh sea buckthorn fruits were
characterized by their rich bioactive constituents, where the
total flavonoid content (expressed as rutin equivalent) was
0.61% (w/w) (UV-Vis Spectrophotometry). The primary flavo-
noid components were identified as narcissin, rutin, isorham-
netin-3-O-glucoside-7-O-thamnoside, isorhamnetin-3-O-gluco-
side, isoquercetin, and kaempferol, with contents of 21.48 mg
per 100 g, 7.37 mg per 100 g, 4.98 mg per 100 g, 3.12 mg per
100 g, 1.31 mg per 100 g, and 0.42 mg per 100 g, respectively
(HPLC). The total content of organic acids accounted for
8.38% (w/w), among which malic acid, succinic acid, tartaric
acid, adipic acid, and citric acid were the main components,
with the corresponding contents of 4.6%, 2.0%, 0.88%, 0.7%,
and 0.2% (w/w), respectively (HPLC). Detailed chromato-
graphic profiles and component quantification data for FOS
and fresh sea buckthorn fruits are provided in the SI (Fig. S1
and S2 and SI file2.docx).

2.2 Experimental design

Following a 5-day acclimatization period, the rats were ran-
domly divided into two initial groups: the control group (Con,
n = 8) and the high-fat group (n = 16). The Con group was fed a
standard maintenance diet, while the high-fat group received a
HFD. Both groups had free access to food and water through-
out the acclimatization and initial dietary intervention phases.
After 7 days of dietary intervention, rats displaying obesity re-
sistance (20% with slight weight gain) were excluded based on
weight gain criteria. The remaining high-fat group rats were
further divided into two groups: the model (Mod) group and
the FS group, each group consisted of six rats (Fig. 1A). During
the subsequent intervention period the Con group continued
on a normal chow diet and received a daily gavage of sterile
water at a volume of 1 mL per 100 g body weight (BW); the
Mod group remained on the HFD and received the same daily
gavage of sterile water (1 mL per 100 g BW) as the Con group.
The FS group was maintained on the HFD and received a daily
gavage of the FS complex at a dose of 2.06 g per kg BW (gavage
volume standardized to 1 mL per 100 g BW). On Day 56 of the
experiment, all rats (Con, Mod, and FS groups) were subjected
to a 24 hour fast (with free access to water). On Day 57, the
Mod group and FS group were injected with alloxan at a dose
of 105 mg per kg BW. Thereafter, the respective dietary regi-
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Fig. 1 Schematic flow chart of animal experimental design.

mens and daily gavage treatments were continued until the
animals were sacrificed. All animal procedures were performed
in accordance with the ARRIVE guidelines for the reporting of
in vivo experiments and approved by the Institutional Animal
Care and Use Committee (WM-GD-DWO001) of the Perfect
(GuangDong) Co., Ltd (Zhongshan, China).

2.3 Oral glucose tolerance test

The oral glucose tolerance test (OGTT) was performed on Day
63 of the experiment. All rats first underwent a 12-hour fast
(with no access to food or water), after which their fasting
blood glucose (FBG) level (0-hour blood glucose value) was
measured. Prior to glucose administration, each group
received their respective scheduled gavage treatment, with the
entire procedure completed within 20 minutes. Immediately,
all rats were administered an oral glucose load at a dose of
2.5 g per kg BW. Blood glucose levels were subsequently
measured at 0.5 and 2 h post-glucose administration. To evalu-
ate the oral glucose tolerance of the rats, the area under the
blood glucose curve (AUC) from 0 to 2 hours (integrating the 0-
, 0.5-, and 2-hour blood glucose values) was calculated.

2.4 Sample collection

Fecal samples were collected from all rats on Day 62. Naturally
excreted fecal samples were collected under sterile conditions:
sterile EP tubes were gently positioned near the rats’ anus to
capture fresh excreta. On Day 64, rats were anesthetized prior
to sample collection. For blood collection, retro-orbital blood
sampling was performed to obtain 2-5 mL of whole blood,
which was immediately centrifuged to separate serum. Both
fecal samples and serum aliquots were stored at —80 °C until

This journal is © The Royal Society of Chemistry 2026

subsequent analysis. For tissue sampling, liver and colon
tissues were harvested immediately after blood collection.
These tissues were first snap-frozen in liquid nitrogen to pre-
serve RNA integrity and then transferred to —80 °C storage. For
pathological analysis of liver tissue, liver tissue specimens
were heat-fixed at 60 °C for 1 h, followed by hematoxylin and
eosin (H&E) staining as previously described.>* Additionally,
serum levels of four blood lipid parameters, triglycerides (TG),
total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C), were
quantified for each group.

2.5 Fecal 16S rDNA amplicon sequencing and microbiome
analysis

Microbial genomic DNA was extracted from fecal samples using
the MagPure Stool DNA Kit (Guangzhou Magen Biotechnology
Co., Ltd, Guangzhou, China) and quantified with a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions. The V3-
V4 hypervariable region of bacterial 16S rDNA was amplified
with universal primers (forward: 5-TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3', reverse:
5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHV-
GGGTATCTAATCC-3') under the following thermal cycling con-
ditions: initial denaturation at 94 °C for 5 min; 25 cycles of
denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, and
extension at 72 °C for 30 s; final extension at 72 °C for 5 min.
Amplified PCR products were purified using VAHTS DNA Clean
Beads (NanJing Vazyme BioTech Co., Ltd, Nanjing, China), fol-
lowed by index PCR and library construction. Library quality
was assessed using a Qubit 3.0 fluorometer with the Qubit™
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1x dsDNA HS Assay Kit. Paired-end sequencing (PE250) was
performed on an Illumina MiSeq platform (Illumina, San
Diego, CA, USA). Raw sequencing data were demultiplexed
based on unique barcodes and quality-filtered with FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and Trimmomatic.”> Clean reads were imported into QIIME2
for amplicon sequence variants (ASVs).”® DADA2 plugin was
used for denoising, chimera removal, and deduplication to
generate amplicon sequence variants (ASVs) and the feature
table.?” Rarefaction analysis was performed in QIIME2 on the
feature table (subsequently exported to R software, v4.1.2).
After normalization, each sample retained 15756 reads for
downstream analysis. Microbial community analysis, including
a-diversity, p-diversity, and taxonomic classification, was per-
formed using R. The gut microbiota signature of each group
was established by Linear discriminant analysis Effect Size
(LEfSe).2®

Mediation analysis was conducted to evaluate whether the
effect of the intervention group (Mod = 0 vs. FS = 1) on meta-
bolic outcomes (TG, TC, HDL-C, LDL-C, OGTT) was mediated
by key gut microbial biomarker taxa (performed in R). For
each mediator-outcome pair, a simple mediation model was
fitted using ordinary least squares regression, estimating the
following paths: a: the effect of the group on the mediator
(X = M), b: the effect of the mediator on the outcome adjusted
for group (M — Y|X), c: the direct effect of the group on the
outcome (X — Y|M), c: the total effect of the group on the
outcome (X — Y). The indirect effect was computed as the
product of coefficients ab. To account for the small sample
size, a non-parametric bootstrap procedure with 2000 resam-
ples was used to estimate 95% confidence intervals (CIs) for
the indirect effect using the percentile method. A mediation
effect was considered statistically significant if its 95% CI did
not include zero. We applied the Benjamini-Hochberg pro-
cedure to control the FDR. Given the exploratory nature of the
analysis and limited statistical power, primary findings are
reported for mediation effects meeting an FDR threshold of
<0.2, consistent with practices in exploratory omics research.

2.6 RNA sequencing and transcriptome analysis

Total RNA was extracted from liver and intestine tissues using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the
protocol described previously.>® RNA sequencing was per-
formed by Gene Denovo Corporation (https:/www.genedenovo.
com/about/), and clean data were generated. Subsequently,
clean data were quality-filtered by FastQC. High-quality
sequences were processed with Salmon for quantification of
the transcript abundance.?® The resulting transcript abun-
dance matrix was analyzed with DESeq2 (https:/github.com/
thelovelab/DESeq2) to identify the differential expressed genes
(DEGS). Genes with an adjusted P-value (p-adjust) < 0.05 and
absolute log2 fold change (|log2FC|) > 1.5 were defined as
DEGs. These DEGs were further subjected to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
and Gene Set Enrichment Analysis (GSEA) using the R package
clusterProfiler.** To control type I error in multiple tests, the
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false discovery rate (FDR) was calculated with the Benjamini-
Hochberg procedure (implemented in the R function p-adjust).

2.7 Serum bile acid analysis

BA standards were accurately weighed to prepare a concentrated
stock solution (1000 pg mL™") in methanol. The concentrated
stock solution was diluted with 30% methanol to generate a
series of ten standard curve concentrations. All standard stock
solutions and working solutions were stored at —20 °C. Serum
samples were mixed with 600 pL of prechilled (—20 °C) methanol
in centrifuge tubes, followed by centrifugation at 12 000g for
10 min at 4 °C. The supernatant (400 pL) was evaporated to
dryness using a vacuum concentrator, and the resulting residue
was reconstituted with 100 pL of 30% methanol. The reconsti-
tuted solution was filtered through a 0.22 pm membrane, and
the filtrate was transferred to sample vials for liquid chromato-
graphy-mass spectrometry (LC-MS) analysis. BA quantification
was performed using an EXion LC liquid chromatograph
coupled with an AB6500 Plus mass spectrometer (AB SCIEX,
Framingham, MA, USA). The targeted metabolic analysis of BAs
was outsourced to PANOMIX Biotech Co., Ltd (Suzhou, China).

2.8 Statistical analysis

All statistical analyses were performed using R software. For
microbiological data evaluation, multiple R packages, includ-
ing psych,®* tidyverse,*® ggplot2,** and igraph,®® were used for
data analysis and visualization. p-Values were calculated using
the Adonis test based on 999 permutations. Group differences
were assessed using the Mann-Whitney U test, with p-values
adjusted (p-adjust) for multiple comparisons using the
Benjamini-Hochberg procedure. A p-value of less than 0.05
was considered statistically significant. All figures were gener-
ated using R software.

3. Results

3.1 FS ameliorates blood glucose and lipid profiles in T2DM rats

Following a 10-12 h fast, an OGTT was conducted on day 63 to
assess glucose tolerance in rats. As depicted in Fig. 2, com-
pared with the Con group, the Mod group exhibited signifi-
cantly elevated fasting blood glucose (0 h GLU, Fig. 2A, P <
0.05), blood glucose at 0.5 h post-gavage (0.5 h GLU, Fig. 2B, P
< 0.01), and blood glucose at 2 h post-gavage (2 h GLU, Fig. 2C,
P <0.01). In contrast to the Mod group, the FS group showed a
significant reduction in blood glucose at 2 h post-gavage
(Fig. 2C, P < 0.05). Fasting and 0.5 h post-gavage glucose levels
were also lower in the FS group, though differences were not
statistically significant (Fig. 2A and B). Similarly, OGTT AUC in
the FS group trended lower relative to the Mod group, with no
significant difference (Fig. 2D). These results indicate that FS
improves glucose regulation in T2DM rats. For lipid profiles,
the Mod group had significantly higher levels of triglycerides
(TG, Fig. 2E, P < 0.01), total cholesterol (TC, Fig. 2F, P < 0.01),
and low-density lipoprotein cholesterol (LDL-C, Fig. 2H, P <
0.01) compared with the Con group. Supplementation with FS

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Comparisons of various physiological parameters among Con, Mod, and FS groups. (A—D) Glucose levels at 0 h (0 h GLU), 0.5 h (0.5 h GLU),
2 h (2 h GLU), and area under the curve of the oral glucose tolerance test (OGTT AUC) among the groups. (E-H) Levels of triglycerides (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) among the groups. Data are

expressed as mean + SD (n = 6). *P < 0.05, **P < 0.01, ns: not significant.

markedly reduced these elevated lipid indices (Fig. 2E and F, P
< 0.01; Fig. 2H, P < 0.05). Additionally, high-density lipoprotein
cholesterol (HDL-C) levels were significantly decreased in the
Mod group compared to the Con group (Fig. 2G, P < 0.05), yet
no significant difference was observed between the Mod and
FS groups (Fig. 2G). These findings demonstrate that FS ame-
liorates glucose and lipid homeostasis in T2DM rats.

3.2 FS modulates the community structure of gut bicrobiota
in T2DM rats

16S rDNA amplicon sequencing was used to characterize fecal
microbial communities in rats. Compared with the Con group,
the Mod group showed a significant decrease in a-diversity. In
contrast to the Mod group, the FS group exhibited a further
reduction in a-diversity (Fig. 3A and B, P < 0.05; the Wilcoxon
test). p-Diversity analysis (PCoA and Adonis tests) revealed dis-
tinct clustering between the Con and Mod groups (Fig. 3C, R
= 0.525, P = 0.003), as well as between the Mod and FS groups
(Fig. 3C, R* = 0.492, P = 0.002). Subsequent analyses of the
fecal microbiota composition showed that the gut microbiota
in all groups was predominately composed of Firmicutes,
Bacteroidota, and Verrucomicrobiota at the phylum level
(Fig. S3) and primarily consisted of Bacteroides, Akkermansia,
Muribaculaceae uncultured bacterium, Parabacteroides, and
Blautia (top 20 genera, Fig. 3D) at the genus level.

LEfSe analysis was performed to identify group-specific
microbial biomarkers. A total of 12 biomarkers were identified

This journal is © The Royal Society of Chemistry 2026

in the Mod group, including Desulfovibrionaceae uncultured,
Escherichia Shigella, Parasutterella, Candidatus_Stoquefichus,
Hungatella, Faecalitalea, Mucispirillum, Phocea, Clostridioides,
Butyricimonas, Holdemania, and Eisenbergiella (Fig. 3E, LDA >
3.2, P < 0.05). In the FS group, taxa such as Akkermansia,
Parabacteroides, Blautia, Ruminococcus  torques  group,
Lachnoclostridium, Flavonifractor, Bacteroidales uncultured,
Bilophila, Bifidobacterium, Ruminococcus gauvreauii group, and
Coriobacteriaceae-UCG-002 were significantly more abundant
(Fig. 3E, LDA > 3.2, P < 0.05). Mediation analysis revealed sig-
nificant indirect effects of specific gut microbial taxa in med-
iating the metabolic benefits of FS intervention (Fig. S4).
Specifically, Phocae significantly mediated the FS-induced
reductions in TC, LDL-C, and OGTT outcomes, with indirect
effects of —7.43, —4.92, and —21.44, respectively (Fig. S4A-C).
Additionally, Desulfovibrionaceae_uncultured mediated the
decrease in OGTT with an indirect effect of —32.07 (Fig. S4D).
These results demonstrate that FS regulates the composition
and structure of gut microbiota in T2DM rats.

3.3 FS regulates the transcription of genes associated with
colonic inflammatory processes in T2DM rats

Gut microbiota and their metabolites influence systemic
health through extensive connections between the intestine
and other tissues.*® To explore the mechanism of FS action,
transcriptome analysis was performed on colonic tissues.
Principal component analysis (PCA) showed distinct clustering
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Fig. 3 Analysis of gut microbiota composition and diversity. (A and B) Comparisons of alpha diversity indices (observed species and Shannon index)
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dance of gut microbiota at the genus level across the three groups. (E) Linear discriminant analysis effect size (LEfSe) identified group-specific
microbial biomarkers (key differential gut microbial taxa) with linear discriminant analysis (LDA) score > 3.2. Data are expressed as mean + SD (n = 6).

among the three groups, indicating divergent gene expression
profiles across Con, Mod and FS groups (Fig. 4A). When com-
paring Mod vs. Con, 384 DEGs were identified: 160 genes were
downregulated and 224 genes were upregulated in Mod
(Fig. 4B). Elevated FDRs were observed in the Mod group com-
pared to the Con group for both upregulated (e.g., Retnig,
Retnlb, Bmp2) and downregulated genes (e.g., Ckm, KIf15,
Slc15a2) (SI file3.xlsx). In the FS vs. Mod comparison, 219
DEGs were identified: 135 genes were downregulated and
84 genes were upregulated in FS (Fig. 4C). Relative to the Mod,
FS reversed approximately one-third of the DEGs observed in
Mod vs. Con (SI file3.xlsx).

GSEA based on KEGG pathways showed that, compared
with Mod, FS activated metabolism-related pathways, such as
“Fat digestion and absorption”, “Starch and sucrose metab-
olism” and “Carbohydrate digestion and absorption” (Fig. 4D,
left panel). Conversely, immune-related pathways, including
“Intestinal immune network for IgA production”, “Natural
killer cell mediated cytotoxicity” and “TNF signaling pathway”

4420 | Food Funct, 2026, 17, 4415-4436

were suppressed in FS vs. Mod, whereas these pathways
were activated in the Mod vs. Con (Fig. 4D, right panel). To
further elucidate the molecular mechanisms underlying the
beneficial effects of FS intervention, we performed enrichment
analysis of DEGs in key signaling pathways. Notably,
within the “IL-17 signaling pathway”, the majority of genes
that were significantly upregulated in the model group
(Mod wvs. Con) were effectively restored following FS
treatment (Fig. S5). These results suggest that FS enhances the
metabolic capacity and alleviates intestinal inflammation in
T2DM rats.

3.4 FS regulates the transcription of genes related to hepatic
metabolism and inflammation in T2DM rats

H&E staining of liver sections revealed increased lipid droplets
and lymphocyte infiltration in the Mod group, whereas FS
treatment reduced hepatic lipid accumulation and lymphocyte
infiltration (Fig. $6). To elucidate the underlying mechanisms,
transcriptome analysis was performed on liver tissues. PCA

This journal is © The Royal Society of Chemistry 2026
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(with Con as the reference).

demonstrated clear distinction between Mod and the other
two groups (Fig. 5A). A total of 1044 DEGs were identified
between Con and Mod: 409 genes were downregulated and
635 genes were upregulated in Mod (Fig. 5B). Compared with
Con, the Mod group showed higher FDR values for upregu-
lated genes (e.g., Gpam, Lifr, Srebf1) and downregulated genes
(e.g., Slc25a47, Ugp2, Cptia) (SI file4.xlsx). In the FS vs. Mod
comparison, 1120 DEGs were identified: 684 genes were down-
regulated and 436 genes were upregulated in FS (Fig. 5C).
Relative to Mod, FS reversed approximately half of the DEGs
observed in Mod vs. Con (SI file4.xIsx).

GSEA-KEGG enrichment analysis showed that, compared
with the Mod, FS activated metabolism-related pathways
including “pyruvate metabolism”, “fatty acid metabolism” and
“lipoic acid metabolism” (Fig. 5D, left panel). Conversely,
immune-related pathways including “intestinal immune

This journal is © The Royal Society of Chemistry 2026

network for IgA production”, “natural killer cell mediated cyto-
toxicity” and “Th17 cell differentiation” were suppressed in FS
vs. Mod, whereas these pathways were activated in Mod vs. Con
(Fig. 5D, right panel). Further enrichment analysis of DEGs
across key metabolic pathways revealed that the FS effectively
reversed the transcriptional suppression induced by a HFD.
Specifically, in the mod group (Mod vs. Con), numerous genes
involved in “fatty acid degradation” (Fig. S7), “pyruvate metab-
olism” (Fig. S8), and the “Citrate cycle (TCA cycle)” (Fig. S9)
were significantly downregulated. Remarkably, FS intervention
largely restored the expression of these genes (FS vs. Mod).
Overall, KEGG enrichment analysis of DEGs indicated that
“metabolic pathway” was the most significantly enriched sig-
naling pathway across groups (Fig. $10). These findings
demonstrate that FS enhances hepatic metabolic capacity and
attenuates liver inflammation in T2DM rats.

Food Funct, 2026,17, 4415-4436 | 4421
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3.5 FS modulates serum bile acid levels in T2DM rats

Serum BA concentrations were quantified across all groups.
Partial least squares-discriminant analysis (PLS-DA) showed a
marked separation in serum BA profiles between Con and
Mod (Fig. 6A). Similarly, a significant distinction in serum BA
composition was observed between Mod and FS (Fig. 6B).
Subsequent analyses of major differential serum BAs revealed
that for primary BAs, levels of cholic acid (CA, Fig. 6C), cheno-
deoxycholic acid (CDCA, Fig. 6D), and o-MCA (Fig. 6F) were
reduced in Mod vs. Con but showed partial recovery in FS
(though not all differences reached significance).
Taurochenodeoxycholic acid (TCDCA) increases significantly
in Mod and FS compared with Con (Fig. 6E). Beta-muricholic
acid (p-MCA) showed a significant increase in both FS vs. Mod
and FS vs. Con (Fig. 6G). For secondary BAs, HDCA and
GHDCA were markedly downregulated in Mod vs. Con (P <
0.01) and remained low in FS (Fig. 6H and I). Compared to the
Con group, the Mod group showed a significant reduction in

4422 | Food Funct., 2026, 17, 4415-4436

ursodeoxycholic acid (UCA), which was restored by FS treat-
ment (Fig. 6]). While lithocholic acid (LCA) did not differ sig-
nificantly across groups (Fig. 6K), allo-cholic acid (ACA) was
significantly decreased in Mod vs. Con and displayed a recover-
ing, albeit non-significant, trend in the FS group (Fig. 6L).
These results indicate that FS modulates serum BA profiles,
including both primary and secondary BAs, in T2DM rats.

3.6 Correlations between key microbiota, bile acids, and
blood glucose/lipid parameters

Correlation analyses were performed to assess associations
among key differential gut microbiota, BAs, Nr1h4 expression
(Fig. S11), and blood glucose/lipid parameters (P < 0.05, |r| >
0.6), with results used to construct the network in Fig. 7 (see SI
file5.xlsx for details). Specifically, for microbiota—glucose/lipid
correlations, genera such as Bilophila, Coriobacteriaceae-UCG-
002, Bifidobacterium, Parabacteroides, Ruminococcus gauvreauil
group, and Bacteroidales uncultured were negatively correlated

This journal is © The Royal Society of Chemistry 2026
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with TG, whereas Desulfovibrionaceae uncultured, Phocea,
Mucispirillum, Holdemania, Hungatella, and Escherichia-Shigella
showed positive correlations with TG. Consistent with the
aforementioned analyses, the beneficial effects of the
FS intervention on TC, LDL-C, and OGTT were partially
mediated through its modulation of Phocae and
Desulfovibrionaceae_uncultured (Fig. S4). Besides, Parasutterella
was positive related to OGTT, TC, and LDL-C. Holdemania was
positive related to OGTT, TC, TG and LDL-C. Regarding BAs
and glucose/lipid correlations, HDCA and GHDCA were nega-
tively correlated with TG, and moreover, TG, TC, LDL-C and
OGTT results exhibited consistent positive intercorrelations
with parallel association patterns with BAs and microbiota.
Notably, Bifidobacterium (a representative probiotic, further
identified as Bifidobacterium pseudolongum) exhibited signifi-
cant negative correlations with TC, TG and LDL-C, as well as

This journal is © The Royal Society of Chemistry 2026

with the microbial taxa Desulfovibrionaceae uncultured, Phocea
and Hungatella; Conversely, it showed positive associations
with the BAs HDCA, GHDCA and glycodeoxycholic acid
(GDCA) and with the bacterial genera Coriobacteriaceae-UCG-
002, Parabacteroides and Bilophila. Nr1h4, a receptor closely
involved in BA metabolism, exhibited expression levels in both
the liver and colon that were significantly positively correlated
with GDCA. Additionally, hepatic Nr1h4 expression showed a
strong positive correlation with HDCA and GHDCA, while
colonic Nrih4 expression was significantly negatively corre-
lated with TC and LDL-C. Collectively, these correlations
suggest that FS intervention modulates the gut microbiota
composition and metabolite levels, thereby influencing blood
glucose and lipid homeostasis.

Guided by established BA metabolism pathways,
further analyzed the molecular and microbial alterations
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associated with FS intervention (Fig. S12). Notably, FS treat-
ment significantly upregulated the hepatic expression of key
BA-modifying enzymes, including cytochrome P450 family 27
subfamily A member 1 (CYP27A1) and UGTs (UDP-glucurono-
syltransferases) (Fig. S13). Concurrently, in the intestinal
microbiota, FS markedly increased the relative abundance of
Bifidobacterium—a genus known to harbor bile salt hydrolase
(BSH) activity, and Blautia—a bacterial group implicated in
7a-dehydroxylation of BAs. These coordinated changes in both
host enzymatic machinery and gut microbial composition
suggest that CYP27A1, UGTs, Bifidobacterium, and Blautia may
collectively play pivotal roles in mediating the lipid-lowering
effects of FS through modulation of BA metabolism.

4424 | Food Funct,, 2026,17, 4415-4436

4. Discussion

In this study, multi-omics techniques were used to systemati-
cally elucidate the intervention mechanisms of FS in T2DM
rats. The results showed that FS could ameliorate glycolipid
metabolic disorders in multiple dimensions by remodeling the
gut microbiota structure, regulating host metabolic and anti-
inflammatory pathways, and restoring BA homeostasis.

4.1 FS ameliorates glucose and lipid metabolic homeostasis
in diabetic rats

Dysregulation of blood glucose and lipids represents a hall-
mark pathological feature of T2DM and its associated cardio-

This journal is © The Royal Society of Chemistry 2026
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vascular complications.*® In this study, FS significantly
reduced fasting blood glucose and 2 hour postprandial glucose
levels during an OGTT in T2DM rats. Notably, while FS
induced a significant decline in 2 h glucose, the OGTT AUC
only showed a near-significant decreasing trend (P = 0.0649); a
parallel trend was also observed for 0.5 h glucose (P = 0.0921).
This discrepancy stems from the characteristics of the indices:
OGTT AUC integrates glucose dynamics across 0 h, 0.5 h, and
2 h, such that intra-group variability at each time point (e.g.,
the larger fluctuation of 0.5 h glucose, Fig. 2B) accumulates to
amplify the overall variability of AUC, reducing its statistical
power. In contrast, 2 h glucose (a single time point) exhibited
more concentrated metabolic responses in this cohort (narrower
error bar in Fig. 2C, ie., smaller intra-group variability), enabling
the detection of inter-group differences even with a limited
sample size (n = 6 per group). These near-significant trends still
suggest that FS may benefit overall glucose tolerance, a potential
effect masked by cumulative variability of integrated indices and
a small sample size. Future studies with expanded cohorts can
verify FS’s role in improving global glucose tolerance. FS also
downregulated serum levels of TG, TC, and LDL-C, indicating its
potential therapeutic value in managing diabetes-related meta-
bolic dysregulation.”’™* These beneficial effects appear to be
mediated by distinct yet complementary mechanisms. FOS
enhance insulin sensitivity via gut microbiota-derived SCFAs,
while sea buckthorn constituents modulate hepatic lipid metab-
olism by suppressing lipogenesis and promoting fatty acid
B-oxidation.**** These findings are consistent with reports on
other prebiotic compounds, suggesting shared pathways invol-
ving the regulation of hepatic lipid metabolism.***” Notably, the
lack of significant effects on HDL-C levels may reflect interven-
tion-specific pharmacokinetic properties or may require longer
treatment durations to elicit detectable changes.

4.2 Functional significance of FS in remodeling the gut
microbiota structure of T2DM rats

Gut microbiota dysbiosis is a key pathogenic factor in T2DM,
characterized by a reduction in beneficial bacteria and enrich-
ment of pro-inflammatory bacteria.**>° This study found that
FS could selectively enrich beneficial bacteria such as
Akkermansia, Bifidobacterium, Blautia and Parabacteroides,
while inhibiting pro-inflammatory Dbacteria including
Escherichia and Desulfovibrionaceae. This is highly consistent
with the microbiota-regulating properties of FOS and sea buck-
thorn: FOS serve as a preferential carbon source for
Bifidobacterium, which exhibits stronger FOS utilization
capacity than other intestinal bacteria due to unique metabolic
advantages (e.g., higher pB-fructosidase activity and more
efficient transport systems), thereby promoting Bifidobacterium
proliferation through nutritional competition.>**> Meanwhile,
sea buckthorn polysaccharides can repair the intestinal barrier
and provide a mucous layer colonization environment for
Akkermansia.>*>* These beneficial microbial populations have
been well-documented to exert anti-diabetic effects through
multiple mechanisms: (1) enhancement of glucose and lipid
homeostasis via the production of SCFAs, (2) improvement of

This journal is © The Royal Society of Chemistry 2026
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insulin sensitivity, (3) strengthening of intestinal barrier func-
tion, and (4) reduction of systemic inflammation associated
with metabolic dyslipidemia.>®®® In contrast, pathogenic
microbes are known to exacerbate systemic inflammation
through LPS-mediated mechanisms, thereby promoting
insulin resistance in T2DM.®" These microbiota-derived
inflammatory factors activate innate immune pathways, which
in turn disrupt glucose metabolism.®>"** In addition, several
biomarkers in the Model group have been reported to be detri-
mental to health. A study including 1544 participants revealed
that Parasutterella was positively associated with BMI and type
2 diabetes, whereby the link to r-cysteine might be relevant in
type 2 diabetes development and the link to the fatty acid bio-
synthesis pathway for body weight gain in obesity develop-
ment.®® Holdemania, a member of the Erysipelotrichaceae
family, is implicated in glucose and lipid metabolic disorder
and may contribute to the pathogenesis of obesity and
T2DM.®*®® Phocea is a potential biomarker influencing the
progression and complications of obesity-induced type 2 dia-
betes and is also associated with energy metabolism and
insulin sensitivity.®®’° Our finding suggests that Phocae and
Desulfovibrionaceae_uncultured may serve as key microbial
intermediaries linking FS-induced gut microbiota remodeling
to systemic lipid and glucose homeostasis. Furthermore, the
negative correlation between Bifidobacterium and TC, TG,
LDL-C (Fig. 7), as well as the positive correlation between
Escherichia-Shigella and TG, further confirms a causal relation-
ship between the microbiota regulation by FS and the improve-
ment of glucose and lipid metabolism. Collectively, these find-
ings identify targeted microbiota modulation as a potential
therapeutic strategy to break the vicious cycle between chronic
inflammation and metabolic dysfunction in T2DM.”*""?

The diabetic condition was associated with a marked
reduction in gut microbial a-diversity, consistent with previous
reports linking microbial dysbiosis to metabolic dysfunction.”
Of note is that the o-diversity in the FS group was further
decreased compared with that in the Mod group (Fig. 3A and
B). This phenomenon does not indicate deterioration of the
microbiota; instead, it may represent a manifestation of “func-
tional remodeling”—FS selectively enriches metabolically
dominant bacteria (e.g., Bifidobacterium) and competitively
inhibits the growth of other non-dominant bacteria, thereby
forming a “beneficial bacteria-dominated” microbiota struc-
ture. The long-term ecological consequences of this phenom-
enon require systematic evaluation through well-controlled
longitudinal studies.

4.3 FS modulates metabolic and inflammatory pathways in
the colon and liver of T2DM rats

Transcriptomic analysis revealed that FS can synchronously
reverse abnormal gene expression in the colon and liver of dia-
betic rats, forming a “intestinal anti-inflammation-hepatic
metabolism” synergistic effect. In colonic tissue, FS signifi-
cantly downregulated the overexpression of inflammation-
related genes (Retnlg, Retnlb, Bmp2) induced by T2DM (SI file3.
xlsx). Under pathological conditions, the overexpression of
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resistin-like molecules such as those encoded by Retnlb can
aggravate intestinal inflammation and disrupt intestinal
barrier integrity by activating the nuclear factor kappa-B (NF-
kB) pathway. In contrast, downregulation of this gene can
reduce the entry of LPS into the bloodstream, thereby alleviat-
ing systemic insulin resistance.”””® This study further verified
that the abnormally upregulated NF-xkB pathway in the Mod
group was significantly downregulated after FS intervention
(Fig. 4D), which was consistent with the aforementioned
mechanism. Meanwhile, FS significantly upregulated the
expression of metabolism-related genes (Ckm, Kif15, Slc15a2)
in the colon (SI file3.xlsx). Among these, KIf15 can enhance the
body’s ability to regulate postprandial glucose absorption by
promoting the expression of glucose transporter 2 (GLUT2);””
Ckm is involved in the regulation of energy metabolism by
modulating the creatine phosphate shuttle system,”® and pre-
absorptive upper small intestinal protein-sensing mechanisms
mediated by Sic15a2 (PepT1) exert beneficial effects on whole-
body glucose homeostasis.”” The “IL-17 signaling pathway”
has been consistently implicated in the pathogenesis of
chronic inflammatory conditions, including metabolic syn-
drome.®® Our results demonstrate that FS intervention effec-
tively restores the dysregulated expression of key genes within
this pathway, thereby supporting the hypothesis that targeted
modulation of the “IL-17 signaling pathway” can attenuate
intestinal inflammation and ameliorate associated metabolic
disturbances. This finding aligns with previous evidence
showing that aberrant activation of the IL-17 axis contributes
to insulin resistance, adipose tissue inflammation, and sys-
temic metabolic dysfunction.’>®" Collectively, these findings
indicate that FS intervention alleviates colonic inflammatory
responses in T2DM rats which may represent a mechanistic
link between gut immune homeostasis and improved glucose-
lipid metabolism.

The liver plays a crucial role in maintaining systemic
glucose and lipid homeostasis by regulating glycogen syn-
thesis, glycogen breakdown, as well as lipid oxidation and
storage.®”®* This study found that FS could significantly
reverse hepatic metabolic gene dysregulation induced by
T2DM, specifically manifested as follows: FS targeted and
regulated the expression of key genes involved in hepatic lipid
metabolism, restoring their levels to the physiological range
observed in the Con group (SI file4.xIsx). On the one hand, FS
downregulated key lipogenic genes, including Gpam, Lifr, and
Srebf1: inhibition of Gpam improves glucose tolerance and
lipid metabolism by reducing diacylglycerol accumulation and
enhancing insulin signaling.®* Wang et al. confirmed that
downregulation of Lifr expression in cells significantly inhibits
adipogenic differentiation of preadipocytes, reducing the
number of adipocytes by approximately two-thirds.®® Srebf1
integrates the regulation of glucose and lipid metabolism by
directly activating genes involved in fatty acid and TC biosyn-
thesis.®® On the other hand, FS upregulated the expression of
Cptla, Slc27a5 and Ugp2: Cptla encodes carnitine palmitoyl-
transferase 1A (CPT1A), a key rate-limiting enzyme in fatty acid
B-oxidation; Sic27a5 can synergize with Cpt2 to regulate lipid
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metabolism by enhancing the catabolism and transport of
fatty acids and BAs.®”® Clinical sample studies have shown
that the expression level of UGP2 in patients with non-alco-
holic fatty liver disease (NAFLD) is negatively correlated with
the expression of lipid synthesis-related genes, suggesting that
this gene may be involved in inhibiting lipid synthesis.?’
Further transcriptomic pathway enrichment analysis
showed that FS exerts “bidirectional synergistic” regulation on
the liver (Fig. 5D): on the one hand, FS activates core metabolic
pathways, including “pyruvate metabolism, “fatty acid metab-
olism”, and “fat digestion and absorption” pathways.
Similarly, enrichment analysis of DEGs revealed significant
upregulation of key metabolic pathways, including “fatty acid
degradation” (Fig. S7), “pyruvate metabolism” (Fig. S8), and
the “TCA cycle” (Fig. S9). Another study indicated that hydro-
lyzed guar gum altered fatty acid degradation ameliorates
HFD-induced obesity.”® Under aerobic conditions, glucose is
generally assumed to be burned fully by tissues via the TCA
cycle to carbon dioxide in mammalian tissues.”® Activation of
the “pyruvate metabolism” pathway promotes the conversion
of glucose to energy, thus the restoration of pyruvate metab-
olism and TCA cycle activity by FS suggests improved glucose
utilization and oxidative phosphorylation, which are critical
for glucose metabolic regulation and help reduce lipid
accumulation in the liver.°>®® On the other hand, FS inhibits
pro-inflammatory signaling networks, including the intestinal
IgA immune networks, natural killer (NK) cell-mediated cyto-
toxicity pathway, and T helper 17 (Th17) cell differentiation
pathway. The inhibitory effect of FS on Th17 cell differen-
tiation and NK cell cytotoxicity suggests that it possesses sig-
nificant anti-inflammatory activity and this effect may be
achieved through immunomodulatory mechanisms.’® In
addition, pathological analysis of liver tissue further con-
firmed that FS intervention significantly reduces hepatic lipid
deposition and lymphocyte infiltration, directly verifying its
hepatoprotective and anti-inflammatory effects.>

4.4 FS restores bile acid homeostasis in T2DM rats

BAs are not only key cofactors for the digestion and absorption
of dietary fats, but also serve as important signaling molecules
involved in the regulation of glucose and lipid metabolism
homeostasis.”” This study elucidates the multidimensional
regulatory effects of FS intervention on the BA metabolic
pathway (Fig. S12). BAs are synthesized in hepatocytes via cyto-
chrome P450-mediated oxidation of cholesterol through two
distinct biosynthetic pathways: the classical and alternative
pathways.?” In both pathways, FS significantly upregulates the
expression of CYP27A1, thereby enhancing the biosynthesis of
CA and CDCA. With respect to BA conjugation and excretion,
FS upregulates the hepatic expression of UGTs, promoting the
formation of glucurono- and sulfo-conjugated BAs. This modi-
fication increases BA hydrophilicity and biliary excretion
efficiency, effectively alleviating intrahepatic BA accumulation
and associated lipid deposition. In the intestine, BAs are
further metabolized by microbial enzymes derived from the
gut microbiota.’’*° Notably, FS intervention markedly
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enriches the abundance of Bifidobacterium, which encodes bac-
terial BSH that catalyzes the deconjugation of glycine- or
taurine-conjugated BAs to generate free CA and CDCA.
Additionally, the observed elevation in HDCA levels is likely
mediated by microbial 7a-dehydroxylation activity conferred by
Blautia. Collectively, FS exerts coordinated regulation at key
nodes of BA homeostasis, including CYP27Al-mediated
hepatic biosynthesis and microbiota-dependent secondary BA
generation, thus reshaping the global BA profile.

In the present study, FS was found to significantly regulate
the serum BA profile: it not only increased the levels of signifi-
cantly decreased primary BAs (CDCA, a-MCA) and secondary
BA (UCA) in the Mod group, restoring them to the levels of the
Con group, but also significantly elevated the levels of HDCA
and GHDCA in the Mod group, though these two secondary
BAs in the FS group were still significantly lower than those in
the Con group (Fig. 6), a distinct regulatory pattern that may
be attributed to the specific modulation of the gut microbiota-
BA axis by FS.

Combined with the observation that CDCA, the synthetic
precursor of HDCA, has returned to normal levels in the FS
group (Fig. 6D), it suggests that the decrease in HDCA is not
due to insufficient substrate availability but rather the inhi-
bition of the microbial transformation process. The conversion
of primary BAs into HDCA specifically requires
7a-dehydroxylase activity, an enzymatic function encoded by
specific gut bacteria, including members of Clostridium,
Eubacterium, and Blautia.>’®° In our study, among these
known 7a-dehydroxylating taxa, only Blautia exhibited signifi-
cant upregulation following FS intervention (Fig. S12); given
the absence of notable changes in other canonical
7a-dehydroxylating genera, the overall capacity for secondary
BA transformation—particularly toward HDCA—appears to be
limited under the current experimental conditions. Thus,
despite FS intervention promoting the enrichment of Blautia,
the functional output of 7a-dehydroxylation may still remain
constrained due to the lack of a broader consortium of dehy-
droxylating microbes, which ultimately leads to the decrease in
HDCA levels. The homeostasis of the BA pool is regulated by a
complex network consisting of host synthesis and microbial
metabolism. The significant increase in o/p-muricholic acid
levels in the FS group (Fig. 6F and G) indicates a shift in host
BA synthesis toward the alternative pathway, which in turn
alters the composition of the primary BA pool and affects the
substrate supply for secondary BA synthesis. The decrease in
HDCA levels may be a manifestation of the overall remodeling
of the BA profile rather than a single metabolic defect.”® The
restoration of normal levels of other secondary BAs such as
UCA and LCA in this study further confirms that FS interven-
tion exerts a selective effect on BA metabolic pathways, and
this selectivity is particularly prominent in the HDCA synthetic
pathway. The failure of HDCA to fully return to normal levels
may be associated with the intervention duration and the per-
sistent effect of a HFD. Although 8-week intervention was
sufficient to reverse some metabolic indicators, the severe dys-
biosis and metabolic disorders induced by a long-term high-
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fat diet combined with chemical induction may require a
longer period to fully restore the function of specific micro-
biota related to HDCA synthesis. Meanwhile, the continuous
intake of a high-fat diet during the intervention period in the
FS group may have maintained an intestinal microenvi-
ronment unfavorable for the proliferation of HDCA-producing
microbiota, thereby offsetting the effect of prebiotics to a
certain extent.

Beyond the distinct regulation of HDCA, the restorative
effects of FS on other BAs are consistent with previous reports
on FOS intervention, which enhances beneficial metabolites
like MCA through gut microbiota-mediated 6a-hydroxylation of
BAs.” "' Existing studies have shown that in diabetic
patients, CDCA can promote the secretion of glucagon-like
peptide-1 (GLP-1) by activating the G protein-coupled BA recep-
tor 1 (GPBAR1)."*> Meanwhile, CDCA also possesses the func-
tions of regulating cholesterol metabolism, protecting liver
function, and maintaining intestinal barrier integrity.'®?
Studies on rodents have demonstrated that the taurine-conju-
gated form of UCA (T-UCA) can improve blood glucose levels,
and this effect may be achieved by regulating endoplasmic reti-
culum (ER) stress in metabolic tissues and/or pancreatic
B-cells.’®*'%% ER stress induces lipogenesis via sterol regulatory
element-binding protein SREBP-1c, resulting in hepatic lipid
accumulation.'® Additionally, HDCA was reported to signifi-
cantly increase the abundances of probiotic bacteria such as
Parabacteroides distasonis, which can enhance lipid catabolism
through modulating the gut-liver axis, thereby alleviating non-
alcoholic fatty liver disease.'®”

Notably, TCDCA was significantly elevated in both Mod and
FS groups compared to Con (Fig. 6D). Previous studies have
confirmed that a HFD can induce an increase in serum
TCDCA concentration in rodents, with the core mechanism as
follows: HFD-induced gut microbiota dysregulation impairs
BSH activity, inhibiting TCDCA deconjugation and degra-
dation; accumulated TCDCA then accumulates in the upper
small intestine (USI) and ileum, crosses the blood-brain
barrier to activate farnesoid X receptor (FXR) in the dorsal
vagal complex (DVC), which not only blocks insulin signaling
in DVC neurons to exacerbate systemic insulin resistance,'®®
but also disrupts local nutrient-sensing glucoregulatory path-
ways, consistent with another finding that HFD rats lose the
glucose tolerance-improving effect of intestinal nutrient infu-
sion, while transplantation of healthy USI microbiota restores
this function by reducing TCDCA and inhibiting FXR.'*°
However, no reduced BSH activity or significant changes in
FXR-encoding gene (Nrih4) expression were observed in the
Mod group, indicating a distinct mechanism for HFD-induced
TCDCA elevation from previous studies. We hypothesize that
this is likely due to HFD-increased TC—a primary BA precur-
sor—which enhances substrate availability, promotes the syn-
thesis of conjugated BAs like TCDCA, and ultimately leads to
its accumulation. The failure to reduce TCDCA levels in the FS
group may be attributed to the insufficient increase in the
abundance of BSH-producing gut microbiota within the
current intervention period. Our study revealed that among
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BSH-producing intestinal bacteria, only the abundance of
Bifidobacterium was significantly increased (Fig. S12). However,
the elevated abundance of a single bacterial genus is insuffi-
cient to synthesize an adequate amount of BSH, which hinders
the efficient conversion and metabolism of TCDCA, ultimately
leading to its accumulation in the body. In summary, the
elevation of TCDCA levels in both groups may be the result of
the combined effect of enhanced hepatic BA synthesis and
insufficient gut microbial degradation capacity.

In conclusion, FS can improve the systemic glucose and
lipid metabolism homeostasis in rats with T2DM by regulating
the homeostasis of the BA pool.

4.5 Multi-omics analyses elucidate the potential mechanism
of FS-mediated improvement of glucose and lipid metabolism
in T2DM rats

The regulatory network of “gut microbiota-BAs-glycose/lipids-
Nr1h4” constructed via Pearson correlation analysis (Fig. 7)
provides direct evidence for the multi-target mechanism of
action of FS. Previous studies have confirmed that gut micro-
biota can alter the size and composition of the total BA pool in
the enterohepatic system, which is consistent with the results of
this study.’'® Specifically, the abundance of the key probiotic
Bifidobacterium showed a significant negative correlation with
TC and TG (|r| > 0.6), and this association may be mediated by
enhancing the conversion of cholesterol to HDCA and
GHDCA.®® Parabacteroides exhibited a similar correlation pattern
to Bifidobacterium, while Akkermansia showed no significant cor-
relation with blood glucose or blood lipid parameters.
Furthermore, the abundance of Hungatella was strongly nega-
tively correlated with colonic Nrih4 expression (|r| > 0.8),
suggesting that this genus may promote intestinal cholesterol
absorption, which is consistent with previous reports linking it
to increased cardiovascular risk.""! The inhibitory effect of FS
on Hungatella (Fig. 3E) further improves its “anti-inflammatory-
metabolic” synergistic regulatory mechanism.

After FS intervention, the expression of hepatic Nr1h4 was
positively correlated with CDCA, HDCA and GHDCA (| | >0.6),
confirming the core role of FXR in regulating hepatic lipid syn-
thesis and excretion. In contrast, colonic Nr1h4 was negatively
correlated with TC and LDL-C (|7| > 0.6), suggesting that intes-
tinal FXR signaling may be involved in inhibiting cholesterol
absorption. Meanwhile, the positive correlation between
colonic Nrih4 expression and CDCA indicates that intestinal
FXR can inhibit hepatic BA synthesis through the fibroblast
growth factor 15 (FGF15) pathway and promote the release of
glucagon-like peptide-1 (GLP-1) by activating the G protein-
coupled receptor (GPBAR1), ultimately synergistically regulat-
ing glycolipid metabolism."**'*?

We further explored the molecular and microbial changes
associated with FS intervention (Fig. S5). Notably, FS treatment
significantly upregulated the hepatic expression of CYP27A1
and UGTs and increased the abundance of Bifidobacterium and
Blautia. These coordinated changes in both host enzymatic
machinery and gut microbial composition suggest that
CYP27A1, UGTs, Bifidobacterium, and Blautia may collectively

4428 | Food Funct, 2026, 17, 4415-4436

View Article Online

Food & Function

play pivotal roles in mediating the lipid-lowering effects of FS
through modulation of BA metabolism.

4.6 The absorption, distribution, metabolism, and excretion
properties of FOS and sea buckthorn

To further clarify the pharmacodynamic basis of FS-mediated
metabolic improvements, it is necessary to elaborate on the
absorption, distribution, metabolism, and excretion (ADME)
properties of its core components (FOS and sea buckthorn
constituents) and distinguish their direct systemic effects from
indirect regulation via gut microbiota.

As a water-soluble dietary fiber, FOS resist hydrolysis by
digestive enzymes in the saliva, stomach and small intestine
and are barely absorbed in the upper gastrointestinal tract,
thus reaching the large intestine in an intact form. In the
colon, FOS are selectively fermented by commensal beneficial
bacteria (e.g., Bifidobacterium and Lactobacillus) to generate
SCFAs including acetate, propionate and butyrate.'** Owing to
their poor bioavailability in the upper gastrointestinal tract,
FOS lack direct systemic biological activity and their favorable
effects on glycolipid metabolism are instead mediated
indirectly via gut microbiota modulation, a mechanism that
involves promoting probiotic proliferation through nutritional
competition and subsequent enhancement of SCFA pro-
duction.’™* Further evidence for this indirect regulatory mode
comes from antibiotic intervention assays and [**C]-FOS tracer
experiments, which demonstrated complete abrogation of
FOS-associated metabolic protective effects following gut
microbiota depletion."*>'*® In contrast, sea buckthorn con-
tains diverse bioactive components (e.g., flavonoids, polysac-
charides, triterpenic acids) with distinct ADME characteristics,
leading to a combination of indirect and direct regulatory
effects. Sea buckthorn polysaccharide (SP) can promote the
production of SCFAs by remodeling the structure of gut micro-
biota and then regulate the expression of proteins related to
hepatic lipid metabolism (e.g.,, p-AMPKa, PPARa, FAS, etc.)
through the gut microbiota-SCFAs-liver axis, thereby exerting
lipid-lowering effects.>*'"” Rutin in total flavones of sea buck-
thorn can be microbially converted into absorbable quercetin
aglycone in the ileum and colon;'*® isorhamnetin-3-O-gluco-
side can be metabolized by bacteria into its aglycone, isorham-
netin."*® However, isorhamnetin, kaempferol, and quercetin
can be absorbed via oral administration and enter the systemic
circulation, possessing the potential to exert direct systemic
effects;" triterpenic acids target the liver, activate the AMPK/
Nrf2/NF-kB signaling pathway, and suppress the expression of
fatty acid synthase (FAS), directly alleviating hepatic lipid depo-
sition and oxidative stress."*’

In summary, FS may maintain glycolipid metabolic homeo-
stasis through a dual regulatory mode: on the one hand, by
improving the gut microbiota structure and restoring BA pro-
files to activate the FXR-mediated multi-tissue metabolic regu-
latory network;'** on the other hand, by leveraging the distinct
ADME characteristics of its core components (indirect regu-
lation by FOS and combined direct-indirect effects by sea
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buckthorn constituents), which together synergistically allevi-
ate metabolic disorders in T2DM rats.

5. Conclusion

Administration of FS is associated with improved glucose and lipid
metabolism in T2DM rats, accompanied by multi-target regulatory
effects including gut microbiota remodeling, attenuation of
hepatic and intestinal inflammation, and modulation of BA and
fatty acid metabolism. Furthermore, mediation analysis revealed
that the beneficial effects of FS intervention on TC, LDL-C, and
oral OGTT outcomes were partially mediated through the modu-
lation of Phocae and Desulfovibrionaceae uncultured (Fig. $4), which
may serve as key microbial intermediaries linking FS-induced gut
microbiota remodeling to systemic lipid and glucose homeostasis.
These findings suggest that the metabolic benefits of FS are likely
associated with the reshaping of the gut microbiota, although
further experiments such as fecal microbiota transplantation or
antibiotic intervention are still needed to substantiate the definitive
causal and mechanistic relationships.

6. Research limitations and future
perspectives

Only male Sprague-Dawley (SD) rats were used and gender
differences were not considered. Male-specific factors, particu-
larly testosterone levels, may act as confounding variables that
affect the study results. Testosterone, a key male sex hormone,
has been confirmed to regulate glucolipid metabolism by mod-
ulating skeletal muscle glucose transport and lipid accumu-
lation. For instance, in T2DM rats, testosterone and its metab-
olite 5a-dihydrotestosterone can activate the translocation of
glucose transporter 4 (GLUT-4) in skeletal muscle, thereby
improving glucose utilization."®® Testosterone deficiency is
associated with increased ectopic lipid accumulation in the liver,
which exacerbates dysregulation of glucolipid metabolism."**
Meanwhile, testosterone also interacts with gut microbiota: in
male patients with T2DM;'*® testosterone deficiency is correlated
with altered gut microbiota composition, such as increased abun-
dance of Blautia and Lachnospirales and the phylum Firmicutes in
the gut is positively associated with serum testosterone levels in
elderly men."*® Since our study focused on the effect of FS on glu-
colipid metabolism and gut microbiota in T2DM rats, the high
testosterone level in male models may have synergistically or
antagonistically affected the experimental effects of FS. This con-
founding effect may limit the generalizability of our findings to
female models, as females have distinct sex hormone profiles
(e.g, dominant estrogen) and corresponding differences in gut
microbiota composition."”” Therefore, the effect of FS in female
models should be verified in subsequent research and studies
with gonadectomized models or hormone supplementation
experiments are recommended to further clarify the interaction
between sex hormones, FS, and the gut microbiota-glucolipid
metabolism axis.
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