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ABSTRACT: Dyslipidemia, a driver of atherosclerosis and fatty liver disease, burdens society and is associated with
gut microbiota responses to dietary patterns. This study aimed to identify key intestinal metabolites involved in
regulating lipid metabolism in dyslipidemia and to explore the underlying mechanisms. We performed a metabolome
analysis of a humanized dyslipidemia mouse model. Then we screened out hyodeoxycholic acid (HDCA) and
cholesterol sulfate (CSS) that potentially interact with farnesoid X receptor (FXR) based on molecular docking and
cell culture. Oral administration demonstrated that the HDCA and CSS may ameliorate dyslipidemia via regulating
bile acid metabolism, potentially mediated by activation of hepatic or intestinal FXR. Additionally, HDCA promoted
the proliferation of g Roseburia and g norank Muribaculaceae, and CSS enhanced the multiplication of
g Alloprevotella. These findings underscored that the intestinal steroid metabolites HDCA and CSS may be promising
functional substances for regulating lipid metabolism.
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1. Introduction

Dyslipidemia, a key component of metabolic syndrome, can lead to conditions such as atherosclerosis
and non-alcoholic fatty liver disease (NAFLD), and its prevalence has risen in recent years, adding to the
societal burden!!l. Characterized by imbalance in lipid metabolism, dyslipidemia is marked by elevated
levels of total cholesterol (TC), total triglycerides (TG), and low-density lipoprotein cholesterol (LDL-C)?!,
A prospective study found a correlation between dyslipidemia and dietary patternst®. Gut microbiota
respond to adjustments in high-fat dietary (HD) patterns as one of the causes of lipid metabolism
variations*. Crosstalk information between dietary patterns and gut microbiota may exist key factors
regulating lipid metabolism!*!.

Gut microbiota, a diverse community of microorganisms inhabiting the host's gastrointestinal tract,
produce a variety of metabolites that are crucial in regulating numerous physiological processes>®!. Primary
bile acids are produced in the liver and transported through the gallbladder into the intestines where they are
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metabolized by the gut microbiota into secondary bile acids!’.. Bile acids are natural ligands for the
farnesoid X receptor (FXR), which plays a significant role in maintaining lipid metabolism homeostasis’].
Thus, bile acids are important molecules in the regulation of lipid metabolism!®. High dietary fibre diets
supplemented with konjac glucomannan may positively affect lipid and glucose homeostasis in high-protein
and carbohydrate diet mice by altering the gut microbiota and downregulating hepatic sterol regulatory
element binding transcription factor 1 and FXR to reduce secondary bile acid levels®). Amuc protein from
Akkermansia muciniphila reduced bile acid synthesis by activating hepatic FXR to enhance intestinal barrier
function and decrease lipid deposition!'?). Our previous study demonstrated that fucogalactan sulfate from
Laminaria japonica effectively regulated lipid metabolism by lowering bile acid synthesis and lipid
absorption through the intestinal FXR-FGF15-CYP7A1/CYP8B1 pathway!!!l. Another study demonstrated
that activation of hepatic FXR inhibited the liver X receptor a - sterol regulatory element binding protein 1
axis to reduce hepatic cholesterol levels!'?. Diosgenin-mediated activation of peroxisome
proliferator-activated receptor o by activating hepatic FXR facilitated fatty acid oxidation to alleviate
NAFLD!3, However, it remains unclear whether there are intestinal bioactive metabolites, influenced by
dietary changes and shifts in gut microbiota, that interact with FXR to alleviate lipid metabolism disorders.
We have previously found that fecal microbial transplantation (FMT) reshaped the gut microbiota of mice,
successfully established humanized dyslipidemia model, and combined with HFD to establish diet-induced
humanized dyslipidemia model!'¥. The model could simulate gut microbiota in dyslipidemic populations.
Dietary induction could enhance the synergistic effect between diet and gut microbiota to help capture key
metabolites in the background. Therefore, humanized mouse model constructed with FMT and HD is a good
strategy in the investigation of dyslipidemia gut microbiota-diet interactions.

To explore the questions above, we performed an integrated metabolome analysis of a humanized
dyslipidemia mice model in an HD pattern, along with molecular docking and cell culture. Hyodeoxycholic
acid (HDCA) and cholesterol sulfate (CSS) were found to be keystone bioactive steroid metabolites for
potentially regulating lipid metabolism. Subsequently, oral administration revealed that HDCA and CSS
mediated FXR to improve dyslipidemia.

2. Materials and methods
2.1 Chemicals

Normal diet (ND, AFF220705777) was purchased from Jiangsu Xietong Pharmaceutical Bioengineering
CO., Ltd (Nanjing, China). HD (H10060) was obtained from Beijing HFK Bioscience Co., Ltd (Beijing,
China). Formic acid and methanol of LCMS grade were supplied by Thermo-fisher Scientific (Waltham, MA,
USA). CSS (> 98%), quinestrol (QET, > 98%), sarsasapogenin (SAR, > 98%), and HDCA (> 98%) was
purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). The composition of ND and HD

are shown in Table S1.

2.2 Animal Studies
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FMT solution was produced as in previous study!'*. Briefly, healthy individuals and patients with
dyslipidemia from Guangxi University Hospital and Fourth People’s Hospital of Nanning were recruited as
donors. The approximate 2 g fresh fecal sample from dyslipidemia donors was placed in 20 mL of sterile
saline solution (0.9%, w/v) and immediately sealed with liquid paraffin. Samples were rapidly transported to
an anaerobic workstation (HYQX-III-Z, Shanghai Yuejin Medical Instrument Co., Ltd., Shanghai, China).
The stool sample mixtures were filtered using sterile gauze in in an anaerobic environment (5% Hz, 5% COz,
and 90% N2). The filtrate was diluted and formed FMT solutions (from healthy individuals, Table S2) and
hyperlipidemia fecal microbial transplants (HFMT) solutions (from patients with dyslipidemia individuals,
Table S2). C57BL/6J mice (SPF, male, aged 3-4 weeks) were obtained from Si Pei Fu Biotechnology Co.,
Ltd. (Beijing, China) and were free to access purified water and ND for a two-week acclimatization period.
Animals were housed in individually ventilated cages under a controlled environment (12 h light-dark cycle at
room temperature 20-25 °C and relative humidity at 30%—70%). At the end of the experiment, all of the mice
were humanely euthanized. Liver and blood samples were collected for further study!'"!3!. The study had
passed the animal experiment ethics review of the Medical Ethics Committee of Guangxi University

(Approval No.: GXU-20230035).
2.2.1 Animal Experiment 1
The C57BL/6J mice were randomly divided into 4 groups (n = 6 per group). To explore the effects of

human-derived gut microbiota on lipid metabolism in mice, after the acclimation period, all mice were
intragastrically administered with 10 mL/kg fresh composite antibiotics (1 g/L of neomycin sulfate, 1 g/L of
metronidazole, 1 g/L of ampicillin, and 0.5 g/L of vancomycin, Abbreviations: AT) each day for two weeks.
After the antibiotic treatment, two groups were orally gavaged with FMT solution (10 mL/kg/day) and were
separately fed ND and HD for 8 weeks (named FMT+ND and FMT+HD groups). The other two groups were
gavaged daily with HFMT solution (10mL/kg/day) and were fed ND and HD, respectively, for 8 weeks
(named HFMT+ND and HFMT+HD groups). All mice were treated with 0.9% NaCl during 2 weeks of

recovery.
2.2.2 Animal Experiment 2

For investigating the effects of HDCA and CSS on dyslipidemia mice, the C57BL/6J mice were
randomly divided into 4 groups (NC, MC, HDCA, and CSS, n = 6 per group). After oral treatment with fresh
composite antibiotics for 2 weeks, the NC group was treated with FMT and the other three groups of mice
were treated with HFMT solution for 8§ weeks. After 2 weeks of recovery, HDCA and CSS groups were
separately gavaged with HDCA and CSS (100mg/kg/day, corn oil as solvent) during the next 4 weeks. NC

and MC groups were treated with corn oil at the same time.

2.3 Biochemical Analysis
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Automatic Biochemical Analyzer (ZY-1280, Kehua Bio-Engineering Co., Ltd, Shanghai, China) were
used to detect the serum concentrations of TC, TG, high-density lipoprotein cholesterol (HDL-C), LDL-C,

aspartate aminotransferase (AST), and alanine aminotransferase (ALT).
2.4 Hematoxylin and Eosin (H&E) and Immunofluorescence Staining

The liver and colon tissues of mice were fixed in 4% paraformaldehyde and embedded in paraffin. The
sections were stained with H&E. Finally, the sections were sealed with neutral gum and observed with a
microscope. The immunofluorescence staining was performed according to previous study!'®l. The liver and
colon sections were exposed to the primary antibodies (rabbit anti-FXR polyclonal antibody and rabbit
anti-CYP7A1 antibody) at 4 °C overnight. After incubation, the sections were washed three times with PBS
and incubated with biotinylated Cy3-conjugated Affinipure Goat Anti-Rabbit IgG (H + L). The nuclei were
counterstained with 4',6-diamidino-2-phenylindole. Finally, microscopic imaging was performed using a

Zeiss Imager.Z2 fluorescence microscope.
2.5 Gut Microbiota Analysis
DNA was obtained from feces using the E.Z.N.A™ Mag-Bind Stool DNA Kit (Cat: M5635-02,

OMEGA, USA) with confirmed DNA isolation via agarose gels based on the manufacturer’s instructions.
Polymerase chain reaction (PCR) amplicons were created from the target region V3-V4, using 314F
(CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC). DNA sequencing and
analysis were conducted on an [llumina MiSeq system (Illumina MiSeq, USA). Finally, all paired-end reads
were merged into operational taxonomic units (OTUs). OTUs were classified taxonomically by blasting

against the RDP Database.
2.6 Untargeted Metabolome Analysis

Metabolome analysis of feces was performed with Q Exactive Plus system (Thermo-fisher Scientific,
MA, USA). 50 mg sample was added to 600 pL of methanol and vortexed for 60 s. Then, the mixture was
centrifuged and the supernatant was obtained. Ultra performance liquid chromatography-mass
spectrometry/mass spectrometry (UPLC-MS/MS) equipped with Hypersil GOLD C18 column (100 mm x 2.1
mm, 1.9 um. Thermo-fisher Scientific) and mobile phase of 0.1% formic acid and methanol were used.
Electrospray ionization (ESI) was used for metabolite detection at 3.0 kV in switching mode. The data were
collected according to the range (100 to 1000 m/z) under a resolution of 70,000 FWHM. For dd-MS?, the mass
spectra were recorded at a resolution of 17500 FWHM. Fragment ions were generated in HCD collision cells
using stepped normalized collision energy (NCE 10, 25, and 45%). Compound Discoverer software (Thermo

Scientific, Waltham, MA, USA) was performed to analyze the results.
2.7 Targeted Metabolome Analysis.

Feces were reconstituted in methanol. After being vortex-mixed vigorously, the samples were
centrifuged to remove precipitates at 4 °C for 15 min with a speed of 12,000 x g. Chromatographic separation

was performed on a Shim-pack GIS C18 column. Mobile phase A was 0.1% formic acid and mobile phase B
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was methanol. The ESI source conditions were set as follows: ion source gas1, 50; ion source gas2, 50; curtain
gas, 35; source temperature, 500 °C; IonSpray voltage floating, -4500 V. The data were collected according to
the 100-1000 Da m/z range. Mass data acquisition was performed using an AB X500R (SCIEX,
Framingham, MA, USA) in multiple reaction monitoring (MRM) mode to monitor bile acids at m/z range of

50-600 Da. MRM conditions were shown in Table S3.
2.8 Real-time Quantitative PCR (RT-gPCR)

The total mRNA was extracted using the classical Trizol method. The cDNA was synthesized through
the BeyoRT Q First Strand cDNA Synthesis Kit. The quantitative PCR was performed with LightCycler 96
system (Roche, Basel, Switzerland). The mRNA levels were normalized with GAPDH as a housekeeping

gene. The primer sequence in the qPCR analysis were shown in Table S4.
2.9 Molecular Docking

To explore the interaction between the metabolite and the receptor FXR, we employed the AutoDock
Vina (version 1.1.2) to perform molecular docking. The metabolite 2D structure were obtained from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov). The 3D structures of metabolites were drawn using
KingDraw V5.0. The 3D structural model of the FXR (PDB ID: IOSH) was obtained from the RCSB PDB
database (https://www. rcsb. org). The docking active site of FXR was set to (17.7, -14.3, -39.2). We
established 3D affinity grid (20 A x 16 A x 20 A) with a spatial interval of 0.375 A between grid points. The
resulting docking data were processed and analyzed using PyMOL (version 2.0) software and Discovery

Studio (version 21.1.0.20298) software.
2.10 Cell Culture and CCK-8 Assay

Caco-2 cells were cultivated in Dulbecco's Modified Eagle Medium containing 10% fetal bovine
serum, 1% penicillin/streptomycin, and 1% non-essential amino acids under an atmosphere of 5% CO: at
37 °C. For cytotoxicity analysis, Caco-2 cells (5 x 10* cells/well) were seeded into 96-well plates,
preincubated for 24 h and then treated with 0%, 0.1%, and 1% dimethyl sulfoxide (DMSO). Additionally,
Caco-2 cells were treated with HDCA, CSS, QET, and SAR (5, 10, 25, 50, 100, 250, and 500 umol/L, 0.1%
DMSO as cosolvent). Cell viability was determined using the CCK-8 assay and measured with a Microplate
Reader Infinite 200 pro (TECAN, Ménnedorf, Switzerland) at 490 nm.

2.11 Effect Evaluation of Metabolites on FXR

Caco-2 cells were seeded into 96-wellplates at a density of 5 x 10* cells/mL and cultured overnight.
Then, the cells were cultured with 100 umol/L HDCA, CSS, QET, and SAR for 24 h. The supernatant was
removed, and the mRNA were analyzed according to the method of 2.8.

2.12 Statistical Analysis

The experimental results were expressed as mean + standard deviation (SD). Student t-test and one-way

analysis of variance (ANOVA) were performed using IBM SPSS statistics (Version 26.0). Multiple



K.Z. Wu et al. / Food Science and Human Wellness 16 (2027)

comparisons among groups were performed using Tukey test. Statistical significance was established at a
level of P < 0.05. GraphPad Prism 8.0 and R package were used for the graphic presentation.
3. Results

3.1 HDCA was Negatively Associated with Dyslipidemia.

To discern bioactive metabolites from the interaction between HD and dyslipidemia gut microbiota, we
investigated metabolite profiles by establishing a dyslipidemia mice model in HD pattern via FMT (Figure
la). TC, TG, HDL-C, and LDL-C significantly increased through HD (P < 0.05) (Figure 1b). Blood lipids
were elevated further by the HFMT treatment (Figure 1b). H&E staining indicated liver swelling and
blistering by HD (Figure 1c¢). Meanwhile, accumulation of hepatic lipid droplets was indicated in HD with
Oil Red O staining, especially more apparent in mice with HFMT (Figure 1c).
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Figure 1. HFMT induced dyslipidemia in mice, and promoted phenotypes in HD pattern. (a) Illustration of FMT and
HFMT treatment experiment. (b) Serum TC, TG, HDL-C, and LDL-C. (c) H&E and Oil Red stained liver samples. Data were
shown as mean £ SD. The p values were determined by one-way ANOVA using Tukey test. *P < 0.05, **P < 0.01, ***P <

0.001.

Principal coordinate analysis (PCoA) with 16S rRNA high-throughput sequencing showed that HD and
HFMT altered the structure of gut microbiota (Figure S2a). A key contribution of gut microbiota changes to
host physiology is to cause changes in their derived metabolites!!”!. We next evaluated metabolic profiling
changes in mice after modeling. The fecal metabolites of mice were annotated and analyzed. Metabolites
were divided into eight categories, which were lipids, amino acids, peptides, nucleotides, carbohydrates,
cofactors and vitamins, xenobiotics, and biosynthesis of other secondary metabolites. Metabolite differences
were compared between the HFMT+ND and FMT+ND groups, as well as between the HFMT+HD and
FMT+HD groups, according to log2(Fold Change). The metabolites with the highest number of [log2(Fold
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Change)|>1 were all lipids after HFMT treatment in ND and HD patterns (Figure 2a). Differential
metabolites were screened with the criteria of P < 0.05 and [log2(Fold Change)| > 1. Under the ND pattern,
127 metabolites were considerably upregulated, while 164 metabolites were notably downregulated in the
HFMT+ND group compared to the FMT+ND group (Figure 2b). In contrast, under the HD pattern, 36
metabolites were markedly upregulated and 39 metabolites were significantly downregulated in the
HFMT+HD group compared to the FMT+HD group (Figure 2b). We found that HD could reduce the
differences in lipid metabolites for HFMT in mice. We screened for steroid metabolites from the differential
metabolites. 9 differential steroid metabolites were screened between HFMT and FMT under the HD, which
was less than the 64 kinds under the ND. (Figure 2c¢). Hence, HD may reduce the discrepancy in lipid
metabolites in mice affected by HFMT.
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Figure 2. HDCA inversely correlated with the risk of dyslipidemia. (a) Differential metabolite annotation in HFMT-+ND
versus FMT+ND and HFMT+HD versus FMT+HD. (b) The Fold Change of differential metabolites in HFMT versus FMT
under ND and HD. (c) The Fold Change of differential steroid metabolites in HFMT versus FMT under ND and HD. (d)
KEGG pathway enrichment analysis of the differential metabolites in HFMT versus FMT under ND and HD. (e) HDCA level
in fecal samples. (f) Correlations between HDCA and TC, TG, LDL-C, and HDL-C. Data were shown as mean + SD. The p
values were determined by one-way ANOVA using Tukey test. *P < 0.05.
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Enrichment analysis revealed that HFMT could induce significant alterations in lipid metabolism based
on the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, such as Steroid biosynthesis,
Primary bile acid biosynthesis, Fatty acid degradation, Steroid hormone biosynthesis, Biosynthesis of
unsaturated fatty acids, Fatty acid biosynthesis, and Glycerophospholipid metabolism (Figure 2d). In
addition, Primary bile acid biosynthesis was the most significantly changed metabolic pathway in the HD
pattern (Figure 2d). To further analyze the metabolites in the pathway, the quantification of bile acid was
performed by UPLC-MS/MS (Figure S2b). HDCA was downregulated by HFMT, and the HDCA
downregulation could be enhanced dramatically by HD (P < 0.05, Figure 2e). Furthermore, correlation
analysis demonstrated that HDCA was negatively correlated with TC, TG, and LDL-C (P < 0.05, Figure 2f).

Therefore, HDCA was negatively associated with increased risk of dyslipidemia.
3.2 HDCA and CSS May be the Key Metabolites interacting with FXR.

In addition to HDCA, we were also interested in whether other non-bile acid steroid metabolites are
bioactive metabolites related to dyslipidemia. We extracted compounds from differential steroid metabolites
for subsequent analysis (Figure 2c). Molecular docking can assist in understanding structure-activity
relationships between proteins and small molecules as a bioinformatics tool'®. To explore the role
underlying HDCA and the non-bile acid steroid metabolites on FXR, we performed 50 molecular dockings
to analyze the binding energy between metabolites and FXR protein. The top 10 steroid metabolites that
displayed well bound affinities (affinity < -6 kcal/mol) with the lowest binding energy were selected (Table
1). CSS (-12.76 + 0.40) kcal/mol, QET (-12.33 £ 1.03) kcal/mol, and SAR (-11.93 £ 0.02) kcal/mol, three
metabolites with the lowest binding energy, were selected from the top 10 metabolites for further analysis
according to the purchasable and obtainable of the compound. Additionally, the binding energy of HDCA to
FXR was (-10.56 + 0.48) kcal/mol. According to the docking results, the active site interactions of HDCA,
CSS, QET, and SAR were mainly controlled by hydrophobic interaction, such as Pi-Alkyl, Alkyl, and
Pi-Sigma (Figure 3a).

Table 1. The binding energy between differential metabolites and FXR protein.

Metabolites Pubchem ID Binding energy (kcal/mol)
Cholesterol sulfate 65076 -12.76 £ 0.40
4,4-Dimethyl-5a-cholesta-8,14,24-trien-33-ol 443212 -12.34 +1.50
Quinestrol 9046 -12.33£1.03
Crinosterol 5283660 -12.24+0.50
17-Hydroxypregnenolone sulfate 152971 -12.13+£2.00
Zymosterol 92746 -11.93 £ 0.55
Sarsasapogenin 92095 -11.93 £ 0.02
Solanidine 65727 -11.87 £ 0.02
4,4-Dimethyl-5a-cholesta-8,24-dien-3-b-ol 50990081 -11.78 £ 0.46
7alpha-Hydroxy-4-cholesten-3-one 123743 -11.60 £ 0.58

To evaluate the cytotoxicity of DMSO (metabolite latent solvent) and metabolites, the viability of
Caco-2 cells was determined at different concentrations of the DMSO and metabolites. Cell viability assay
suggested that 0.1% DMSO had hardly any effect on cells (Figure 3b). At metabolite concentrations above
100 uM, cell viability in HDCA, QET, and SAR were decreased to less than 80%, whereas Caco-2 cells
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were able to tolerate high CSS concentrations (Figure 3c). Next, 100 uM was selected as intervention
concentration of cell culture. The active effects of CSS on cells can be significantly observed in qPCR
results (P < 0.05, Figure 3d). Moreover, HDCA had a small activated effect on FXR (p = 0.056, Figure 3d).
Taken together, FXR in cells could be affected by HDCA and CSS. However, due to the difficulty in
constructing metabolic models in cells, the actual effects of HDCA and CSS in FXR need further in vivo

trial verification.
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Figure 3. HDCA and CSS may interact with FXR. (a) Docking interactions of HDCA, CSS, QET, and SAR with FXR. (b)
Toxicity evaluation of DMSO for Caco-2 cell. (c) Toxicity evaluation of HDCA, CSS, QET, and SAR for Caco-2 cell. (d)
Relative mRNA expression of FXR treated with HDCA, CSS, QET, and SAR. Data were shown as mean = SD. The p values
were determined by one-way ANOVA using Tukey test. *P < 0.05, **P < 0.01.
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3.3 Oral Supplementation with HDCA and CSS Ameliorated Dyslipidemia in mice.

To examine the protective effects of HDCA and CSS on dyslipidemia, HDCA and CSS

supplementation were performed in a humanized dyslipidemia mice model based on our previous

approach!'* (Figure 4a). Levels of serum TC, TG, LDL-C, and ALT in the HDCA and CSS groups were

markedly lower than those in the MC group (P < 0.05, Figure 4b). In the HDCA group, serum AST levels

showed a significant reduction (P < 0.05, Figure 4b). Furthermore, by H&E and oil red O staining, reduced

hepatic vacuoles and lipid droplets were observed in the HDCA and CSS groups compared to MC group

(Figure 4c).
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Figure 4. HDCA and CSS supplementation ameliorated dyslipidemia in mice. (a) Illustration of HDCA and CSS
treatment experiment. (b) Serum TC, TG, HDL-C, LDL-C, ALT, and AST. (c) H&E and Oil Red stained liver samples. Data
were shown as mean + SD. The p values were determined by one-way ANOVA using Tukey test. *P < 0.05, **P < 0.01,

kP < 0.001.

We also investigated the gut microbiota response to HDCA and CSS interventions via 16S

high-throughput sequencing. PCoA based on Bray-Curtis distance showed significant differences among gut
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microbiota of groups (Figure 5a). HDCA and CSS had some recovery effect on HD-induced Simpson and
Shannon indexes reduction(Figure 5b). The relative abundance of g Eubacterium_fissicatena group was
downregulated by HDCA and CSS (Figure 5c-d). In addition, HDCA and CSS treatments were successful in
improving  relative  abundance of some  genus, including g norank Muribaculaceae,
g norank_Oscillospiraceae, and g unclassified Lachnospiraceae (Figure 5c-d). Meanwhile, HDCA
elevated the relative abundance level of g Alistipes, g Roseburia, g norank Ruminococcaceae,
g Intestinimonas, and g Anaerotruncus compared to the MC group (Figure 5c-d). Furthermore, Linear
discriminant analysis Effect Size (LEfSe) analysis discovered that g Alloprevotella and
g norank_Clostridia_vadinBB60 group were increased after CSS treatment versus the MC group (Figure
5d).
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Figure 5. HDCA and CSS modulated the structure of gut microbiota. (a) PCoA based on Bray-Curtis distance. (b)
Simpson and Shannon indexes. (c) Relative abundance at genus level of gut microbiota. (d) LEfSe plots to show the
characteristic gut microbiota of MC versus HDCA and MC versus CSS (LDA > 4.5). (¢) Heatmap of Spearman’s correlation
between lipids-related clinical indicators and gut microbiota at genus level. Red indicated positive correlation, and green
indicated negative correlation. Data were expressed as mean + SD. Differences of data were calculated by the one-way
ANOVA using Tukey test. *P < 0.05; ** P < 0.01.
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In order to assess the association of gut microbiota with physiological phenomenon, spearman’s
correlation analysis was performed between differential gut microbiota and biochemical indexes among the
intervention and MC groups. The relative abundance of g Alistipes, g norank Lachnospiraceae, and
g unclassified Oscillospiraceae were significantly positively associated with TC, TG, and LDL-C (P <
0.05, Figure 5e). Notably, the relative abundance of g Roseburia was negatively correlated with AST and
ALT (P < 0.05, Figure 5e). g FEubacterium_fissicatena_group and
g norank Eubacterium coprostanoligenes group were positively associated with AST and ALT (P < 0.05,
Figure 5e). On the contrary, TC, TG, and LDL-C were negatively correlated with the relative abundance of
g Alloprevotella (P < 0.05, Figure 5e). Of note, g Romboutsia, g unclassified Lachnospiraceae,
g Anaerotruncus, and g norank Oscillospiraceae were negatively associated with AST (P < 0.05, Figure
5e). In brief, HDCA and CSS ameliorated dyslipidemia induced by HFMT and HD. At the same time, the
structure of gut microbiota might be modulated by HDCA and CSS.

3.4 Supplementation with HDCA and CSS Resulted in Broad Changes in Fecal Metabolome and Highlighted
Changes in Bile Acid Metabolism.

To fully characterize the impact of HDCA and CSS on fecal metabolites, untargeted metabolome
analysis of fecal samples was performed using UPLC-MS/MS. Compared with MC group, the principal
components analysis (PCA) score plot showed that administration of HDCA and CSS could significantly
alter the metabolic profiles of mice (Figure S3a). Clear variations were demonstrated after oral intake of
HDCA and CSS based on the Orthogonal partial least squares-discriminant analysis (OPLS-DA) (Figure
S3b-c). According to the thresholds of P < 0.05 and |logz(Fold Change)| > 1, the volcano plot exhibited that
the 80 metabolites showed upregulation while 126 metabolites were downregulated in the HDCA group
compared to the ND (Figure 6a). Consistently, differences were found between the CSS and MC groups,
including 94 upregulated and 285 downregulated metabolites (Figure 6a). Pathway enrichment analysis
revealed that Primary bile acid biosynthesis was the significant metabolic pathway after HDCA and CSS
treatments based on KEGG database (Figure 6b). Therefore, targeted metabolome analysis for bile acids was
performed to investigate changes in fecal bile acid profile by HDCA and CSS. HDCA and its conjugated
forms taurohyodeoxycholic acid (THDCA) and glycohyodeoxycholic acid (GHDCA) were significantly
elevated after HDCA supplementation (P < 0.05, Figure 6c). Chenodeoxycholic acid (CDCA) was
dramatically elevated and taurochenodeoxycholic acid (TCDCA) also tended to be elevated in the HDCA
group (Figure 6¢). UDCA and TUDCA had an increasing trend in the HDCA group (Figure 6¢). Moreover,
LCA and Deoxycholic acid (DCA) were notably promoted after CSS treatment (P < 0.05, Figure 6c).
Reduced level of primary bile acids was observed in the CSS group, and secondary bile acid levels were
elevated by HDCA and CSS (P < 0.05, Figure 6¢). Additionally, spearman’s correlation showed that
g Alistipes was positively correlated with Glycocholic acid (GCA) and Taurocholic acid (TCA) (P < 0.05,
Figure 6d). UDCA was positively correlated with g unclassified Lachnospiraceae, g Blautia,
g Alloprevotella, and g Anaerotruncus (P < 0.05, Figure 6d). Deoxycholic acid (DCA) and LCA were
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positively associated with g unclassified Lachnospiraceae (P < 0.05, Figure 6d). Negative correlations

were observed between HDCA and g norank Clostridia UCG 014, and g Odoribacter (P < 0.05, Figure

6d). Positive correlations

were observed between HDCA and g unclassified Lachnospiraceae,

g Roseburia, g Blautia, g norank Oscillospiraceae, and g Anaerotruncus (P < 0.05, Figure 6d).

Collectively, these results revealed that HDCA and CSS may modulate bile acid metabolism in mice.
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Figure 6. Bile acid metabolism was significantly altered by HDCA and CSS. (a) Volcano plots of differential metabolites
in mice treated with HDCA and CSS compared with MC. (b) KEGG pathway enrichment analysis of the differential
metabolites after HDCA and CSS treatments. (c) Bile acid profile in fecal samples. (d) Bubble Chart of Spearman’s

correlation between bile acids and differential genera. Bubble size indicated degree of relevance, red indicated positive
correlation, and blue indicated negative correlation. Data were expressed as mean + SD. Differences of data were calculated
by the one-way ANOVA using Tukey test. *P < 0.05; ** P < 0.01.
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3.5 HDCA and CSS Modulated Bile Acid Production.

We further conducted a signaling pathway analysis of mice treated with different interventions to
investigate lipid-reducing mechanisms. RT-qPCR analysis revealed that hepatic CYP7A1 and CYP8BI1 were
significantly downregulated by HDCA and CSS (P < 0.05, Figure 7a). Hepatic FXR tended to be
upregulated in the HDCA group, and hepatic SHP was notably enhanced after HDCA treatment (P < 0.05,
Figure 7a). In addition, intestinal FXR and FGF15 were remarkably elevated by CSS (P < 0.05, Figure 7a).
The immunofluorescence results of CYP7A1, CYP8BI1, and intestinal FXR were consistent with the relative
expression results of the gene (Figure 7b). Western blot analysis showed that hepatic FXR was activated in
HDCA group (Figure 7c). Hepatic fibroblast growth factor receptor 4 (FGFR4) protein expression was
upregulated after CSS intervention (Figure 7c). These results suggested that HDCA and CSS may mediate
FXR to regulate bile acid metabolism.
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Figure 7. HDCA and CSS regulate bile acid metabolism by mediating FXR. (a) Relative mRNA level in
liver and intestine. (b) Immunofluorescence analysis of hepatic CYP8B1, CYP7A1, and intestinal FXR. (c)
Western blot analysis of FGFR4 and FXR protein in the liver.

4. Discussion

Dyslipidemia is a risk factor for NAFLD and is usually associated with unhealthy dietary habits, such
as high-fat diet!”]. The gut microbiota plays a crucial role in host metabolism by producing bioactive
metabolites, and recent researches have linked dyslipidemia-associated gut microbiota to disruptions in lipid
metabolism!!!7-?%]. Metabolome was used to provide an interpretation of human physiology in the context of
disease!?!l. Identifying bioactive metabolites effective in regulating lipid metabolism from the metabolome is
meaningful. To enhance the crosstalk between dyslipidemia-associated gut microbiota and HD to discover
bioactive metabolites, we performed humanized dyslipidemia mice modeling. Our results showed that
primary bile acid synthesis was the most significantly altered pathway in lipid metabolism. Primary bile
acids produced by the liver are transported to the gut where they are transformed into secondary bile acids
by the gut microbiota, and about 95% of these bile acids are reabsorbed back to the liver via the portal vein
at the terminal section of the ileum that is known as the enterohepatic circulation!’). Bile acids are key
regulators of lipid metabolism, some of which are endogenous ligands for FXR and regulate lipid
metabolism, such as Lithocholic acid (LCA), Ursodeoxycholic acid (UDCA), and Tauroursodeoxycholic
acid (TUDCA)!?>24, Fecal HDCA level was significantly negatively correlated with lipid parameters (TC,
TG, and LDL-C) according to correlation analysis. Therefore, dyslipidemia induced by gut microbiota and
HD may be associated with dysregulation of HDCA.

Bile acids are natural steroid metabolites that are involved in the regulation of lipid metabolism®).
Natural steroids and their derivatives possess a diverse array of biological functions!?®!. Molecular docking

analysis indicated that HDCA has the potential to interact with FXR. The question of whether other steroid
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metabolites are involved in the FXR-mediated regulation of lipid metabolism made us consider. Hence, the
remaining steroid metabolites were subjected to molecular docking with FXR for analysis. HDCA and three
steroid metabolites (CSS, QET, SAR) with the lowest affinity for the FXR were selected for cell
experiments. Consistent with a previous study, HDCA exerted a weak activating effect on FXR”. The
observed increase in FXR mRNA expression indicated that HDCA and CSS may be involved in regulating
the lipid metabolism within the organism via activating FXR. Nevertheless, bioinformatics-based molecular
docking and cell experiments may not fully capture in vivo complexities.

Following the FMT modeling, we conducted oral interventions with HDCA and CSS, which confirmed
their role in alleviating dyslipidemia and hepatic lipid accumulation. Notably, the abundance of
g Eubacterium_fissicatena_group and g norank Clostridia UCG 014 (characteristic bacteria of lipid
metabolism  disorder) were dramatically reduced by HDCA and CSSP?¥. In addition,
g norank Muribaculaceae was increased by HDCA. Several studies have reported that
g norank Muribaculaceae was associated with the conversion of cholesterol to CA%*. It may explain the
observed increase in CA following HDCA treatment. Similarly, the abundance of g Roseburia was elevated
after HDCA treatment. A study investigating the regulation of glycolipid metabolism observed a
proliferation of g Roseburia after surgery through the effects of vertical sleeve gastrectomy on bile acids
pool and FXR signaling B!!. Other studies demonstrated that g Roseburia was associated with DCA and
TCDCAP?31 aligning with our results. Furthermore, g Alloprevotella, elevated by CSS treatment, showed
a negative correlation with lipid indicators (TC, TG, and LDL-C). Previous research suggested that
g Alloprevotella was an intestinal probiotic negatively associated with dyslipidemial®*. Another study also
showed a positive correlation between g Alloprevotella and DCA in NAFLD mice with disturbed lipid
metabolism[®*>. However, the exact relationship of HDCA and CSS significantly regulated bacteria,
including g norank Muribaculaceae, g Roseburia, and g _Alloprevotella, with bile acid metabolism and the
effect of lipid metabolism regulation needs to be determined by further bacterial intervention experiments.

A notable finding of this research was the significant impact of HDCA and CSS on bile acid
metabolism. Consistent with previous studies, CDCA levels were elevated in the HDCA group, likely due to
the activation of alternative pathways mediated by CYP7B1%l. The observed increase in UDCA may result
from the action of 70/B-hydroxysteroid dehydrogenase (70/B-HSDH) in response to elevated CDCA, where
CDCA is first converted to 7-keto-lithocholic acid (7keto-LCA) via 7a0-HSDH and subsequently to UDCA
via 7B-HSDHP7*81, Several studies suggested that reducing bile acid synthesis and promoting bile acid
excretion could decrease lipid absorption!**4%!,

Signaling receptor analysis suggested that HDCA may activate the hepatic FXR and SHP to inhibit
downstream CYP7A1 and CYP8BI1. Thus, the synthesis of bile acids in the liver was inhibited and the
excretion of bile acids was increased, so as to reduce the absorption of lipids (Figure 8). About 95% of the
bile acids at the end of the intestines are reabsorbed through the portal vein back to the liver, and it's part of the

enterohepatic circulation”). After HDCA was administered orally, it was transferred to the liver due to
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enterohepatic circulation. The formation of THDCA and GHDCA was achieved through the conjugation of
HDCA with taurine and glycine, catalyzed by amino acid N-acyltransferasel*”). Elevated high levels of
THDCA and GHDCA in our results may indicate significantly elevated levels of HDCA in the liver.Previous
a study also showed that HDCA was significantly enriched after oral administration in liver, where HDCA
played a metabolic regulation function'*!. Thus, HDCA may have a more pronounced role in the regulation of
hepatic FXR. CSS is a cholesterol sulfation derivative catalyzed by hydroxysteroid sulfotransferases
(SULT), which attach a sulfate group to the hydroxyl group of the cholesterol sterol ring in the cytoplasm
and the Golgi membrane!*?. Certain gut microbiota encoding SULT, adenosine-5'-phosphosulfate (APS)
kinase and enzymes of synthesizing bifunctional 3’-phosphoadenosine 5’-phosphosulfate (PAPS) could also
produce CSS, such as Bacteroides thetaiotaomicron®. CSS has many physiologic functions, such as
relieving intestinal inflammation, Regulating glucose and lipid metabolism, and protecting cancer cells from
cytotoxic T-cells!**. Rodents and humans exhibit high levels of CS in both intestinal tissue and feces!**.Our
observations indicated that CSS may inhibit hepatic bile acid synthesis to reduce lipid uptake by activating
intestinal FXR to elevate FGF15 for inhibiting CYP7A1 and CYP8BI1 (Figure 8). FXR activation is
dependent on a conformational change in the ligand-binding structural domain (LBD) of the FXR. The
hydrophobic steroidal backbone of the CSS binds to hydrophobic residues (ILE335 and PHE461) within the
LBD of the FXR. The sulfate group at the 3B position of CSS forms a hydrogen bond with the ARG331
polar residue in FXR-LBD. These two binding modes induce H12 folding thereby exposing the coactivator
NcoA binding site and initiating transcriptional activation function!*’). The strong polar sulfate at the 3p
position of CSS makes it more hydrophilic, which limits its transmembrane transport behavior in the
intestine!*®l. Moreover, there is limited expression of organic anion-transporting polypeptide (OATP) that
transports CSS in the intestine!*”). CSS may be more difficult to be reabsorbed in the intestine into the portal
vein and its main action may be in intestine. Therefore, CSS may tend to modulate intestinal FXR. However,
the specific mechanisms still need to be studied in deeper research. Concurrently, LCA and DCA were
promoted with CSS intervention. LCA and DCA, as FXR activators, may have an additional role in the
activation of intestinal FXR!8]. The bile acid pool was changed may be due to supplementation with HDCA
and CSS impacting gut microbiota composition that participated in the production of secondary bile
acids!*’l. However, the interactions between gut microbiota and bile acids are complex, and dynamic
changes in the bile acid pool significantly impact the organism's metabolic functions. Further investigation is
warranted to elucidate the mechanisms by which dynamic bile acid pool changes regulate lipid metabolism.
In addition, our study lacked functional validation for hepatic or intestinal FXR. Thus, the regulatory
mechanisms of HDCA and CSS still need to be further verified via hepatic and intestinal FXR specific

knockout mouse experiments, respectively.
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5. Conclusion

In conclusion, we aimed to identify bioactive metabolites through the lens of the interplay between the
HD pattern and dyslipidemia gut microbiota. We found that intestinal steroid metabolites, HDCA and CSS,
could play a role in modulating lipid metabolism, supported by integrative analysis of metabolome in the
humanized dyslipidemia mice model, combined with molecular docking and cell culture. Oral
administration indicated that HDCA and CSS may modulate bile acid metabolism to improve dyslipidemia
via hepatic or intestinal FXR-mediated bile acid synthesis. In addition, the relative abundance of
g Roseburia and g _norank Muribaculaceae was elevated by HDCA. Proliferation of g Alloprevotella was
promoted by CSS. Furthermore, alterations in bile acid pools were associated with changes in gut microbiota
induced by HDCA and CSS. These findings enhanced our understanding of the mechanisms by which
intestinal steroid metabolites (HDCA and CSS) regulate host lipid metabolism. Moreover, our study

demonstrated that modulating the FXR may be effective way for intestinal steroid metabolites to alleviate
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dyslipidemia. Our work found the potential active metabolites HDCA and CSS from the interaction of HD

patterns with the gut microbiota, providing new insights into the mechanism of regulating lipid metabolism.
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