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ABSTRACT: The long-term high-fat and high-fructose diet (HFFD) exacerbates cognitive decline and gut microbiota
disorder. Coreopsis tinctoria flower (CTF), grown at high altitudes, has been revered as a popular health-enhancing
tea modulating glycolipid metabolism in Chinese. However, the neuroprotective effects of CTF against HFFD-induced
cognitive decline remain to be elucidated. The present study investigated the hypothesis that the neuroprotective
benefits of CTF are mediated by tryptophan metabolism derived from gut microbiota. The phytochemical
characterization of CTF was performed by LC-MS/MS-assisted feature-based molecular networking method.
Behavioral, neurophysiological and metabolic evaluations demonstrated CTF improved glycolipid metabolic disorders
and cognitive decline in HFFD-fed mice. Integrative 16S rRNA sequencing and metabolomics analysis revealed CTF
modulated the abundance of specific gut microbial genera (e.g., Colidextribacter) and enhanced gut
bacteria-dependent tryptophan metabolites (especially indole-3-lactic acid and indole-3-carboxylic acid) levels in the
hippocampus. Notably, antibiotic-induced depletion of microbiota abolished these metabolite changes and the
neuroprotective effects of CTF, confirming the crucial role of the intestinal microbiota. Additionally, the protective
effects of ICA and ILA on D-glucose induced synaptic damage in SH-SYS5Y cells have been identified directly. These
findings highlight the importance of microbiota-regulated tryptophan metabolism as a key mechanism behind the
cognitive benefits of CTF, demonstrating its potential for managing metabolic disorder—related neurodegenerative
conditions.

Keywords: Coreopsis tinctoria Nutt; High-fat and high-fructose diet; Cognitive deficit; Gut microbiota; Tryptophan
metabolism

1. Introduction

The Western -style calorie-rich diet is featured with an abundant levels of fructose, cholesterol, and
saturated fatty acids, which is frequently linked to metabolic syndromes (Christ et al., 2019). More alarmingly,
a long-term high-fat and high-fructose diet (HFFD) is relevant with a 40% increased risk of cognitive decline

(Dalile et al., 2022). Mild to moderate cognitive impairment, without early prevention and intervention,
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possibly develops into Alzheimer's disease (AD) or dementia (Zhang et al., 2017). However, no effective cure
currently exists for cognitive decline. Therefore, developing more effective and safer preventive treatments
for HFFD-caused cognitive deficit is possibly a critical strategy to delay and avoid the deterioration of the
condition.

Recently, the gut-brain axis has been recognized as a vital pathway in regulating cognitive function
(Agusti et al., 2018). Gut microbiota profoundly influences host brain physiology through multiple
mechanisms, including immune modulation, endocrine signaling, and production of microbial metabolites
(Liu et al., 2020). Among these, tryptophan (Try) metabolism by gut microbes plays a pivotal role in
generating neuroactive compounds (Xue et al., 2023). These substances are capable of passing through the
blood-brain barrier (BBB), activating aromatic hydrocarbon receptors (AHR) signaling to initiate
neuroprotective outcomes (Sun et al., 2022). For instance, psychobiotic-derived indole-3-lactic acid (ILA)
regulated AHR signaling activation to alleviate neuroinflammation and depression (Qian et al., 2024).
Indole-3-propionic acid (IPA) effectively suppresses hippocampal microglial overactivation, thereby
preventing excessive synaptic pruning in neurons via modulation of the AHR/NF-«kB signaling pathway
(Wang et al., 2023). Likewise, indoles comprising indole-3-acetic acid (IAA), indole-3-propionic acid (IPA)
and indole, upregulated the AHR production and inhibited neuroinflammation (Sun et al., 2022). Hence, the
gut microbiota and its TRYs, especially related indole derivatives, may represent promising reservoirs for the
development of new interventions against HFFD-associated cognitive decline.

Coreopsis tinctoria Nutt. flower (CTF), commonly known as Snow Chrysanthemum, belongs to the
Asteraceae family and is a widely consumed herbal tea. (Liu et al., 2023). CTF originated in North America,
was introduced into China around 1900, and is mainly grown at altitudes exceeding 3000 meters in the
Karakorum Mountains, Xinjiang, China, particularly in the Hotan area (Shen et al., 2021). CTF has been
traditionally used by Indigenous peoples of India to treat diarrhea, pain, and bleeding, and in Portugal to
manage diabetes (Liu et al., 2023). In China, it is known for its lipid- and glucose-regulating properties (Shen
et al., 2021). CTF has multiple phytochemical components, mainly including flavonoids, phenolic acids, and
terpenoids (Guo et al., 2022). Modern pharmacology suggests that CTF extracts and its bioactive compounds
demonstrate neuroprotective properties in vitro and in vivo (Shen et al., 2021). CTF extracts can attenuate
LPS-induced microglial activation by reducing pro-inflammatory cytokines and NF-kB signaling, and
improve cognitive decline and oxidative stress in D-galactose-induced aging models (He et al., 2020). Recent
studies also suggest that CTF polyphenols exert prebiotic-like effects, restoring gut microbiota composition
and improving metabolic disorders such as type 2 diabetes (Liu et al., 2023). Despite these encouraging
findings, whether CTF exerts cognitive protective effects in HFFD-induced models and how these effects are
related to gut microbiota remain largely unexplored.

Therefore, this study aimed to investigate whether CTF supplementation can alleviate HFFD-induced
cognitive impairment and whether its effects depend on the gut microbiota and microbial-derived tryptophan

metabolites (TRYs). We conducted a comprehensive phytochemical analysis of CTF using LC-MS/MS
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combined with feature-based molecular networking (FBMN), and evaluated its effects on behavior,
metabolism, and neurophysiology in HFFD-fed mice. Multi-omics approaches, including 16S rRNA gene
sequencing and targeted metabolomics, were employed to explore the role of gut microbes and their TRYS.
Antibiotic intervention was further used to verify the involvement of the microbiota. Our findings provide new
insights into the gut-brain axis mechanism by which CTF improves metabolic-associated cognitive decline,

highlighting the potential of microbiota-targeted interventions for neurodegenerative disease prevention.

2. Materials and Methods
2.1 Materials and chemical reagents

The CTF plant was purchased from a marketplace in Dabancheng (Xinjiang Uyghur Autonomous
Region, China). All fresh CTF materials were powdered and sieved through a 50-mesh sieve. Fifty-nine
authentic standards of CTF were purchased from ChemFaces (Wuhan, Hubei, China) or Yongjian
Pharmaceutical Co., Ltd. (Jiangsu, China). The specifics of the phytochemicals obtained are shown in Table
S1. The Try and TRYs standards were provided from Macklin Biochemical Co., Ltd. (Shanghai, China).
Chromatographic-grade solvents, such as acetonitrile, methanol and formic acid (FA) were supplied by Fisher
Scientific (Fair Lawn, NJ, USA). Metformin (Met, purity > 99%) was derived from MerckSerono (Shanghai,
China).

2.2. Preparation and chemical characterization of CTF sample

The powder of CTF materials (10.0 kg) was soaked with 10 L of 80% ethanol at room temperature
overnight and extracted three times. The supernatant evaporated to dryness. The samples were frozen and
lyophilized. The lyophilized dry powder of CTF (0.1 g) was dissolved in 50% ethanol (8.5 ml) for LC-MS/MS
procedure. The details of the qualitative and quantitative analysis, as well as methodology validation, are

described in the supporting information.
2.3. Animal treatment and experimental process

All 72 male C57BL/6J mice (24 £ 2 g, 9 weeks old) were offered by the Sipeifu Biotechnology Co., Ltd.
(Beijing, China) [Approval ID: SLXD-20231019015]. Prior to the experiment, all mice were acclimatized for
1 week, with free access to food and water (24°C + 1°C; 55 + 5% humidity, 12 h light/dark cycle). Then, the
mice were randomly assigned to synchronize gut microbiota and reduce inter-individual heterogeneity (n =
12), which divided into the normal control group (NC), model group (HFFD), positive control group (Met,
200 mg/kg/day), as well as low dose (CTFL, 100 mg/kg/day), medium dose (CTFM, 200 mg/kg/day), and
high dose (CTFH, 400 mg/kg/day) of CTF. Of note, the dosage administered to mice was determined by
reference (Li et al., 2021; Li et al., 2014; Lv et al., 2023).

Except for the NC group given regular chow, the other five groups were all fed HFFD (10% fructose in
drinking water) for 14 weeks to model cognitive deficit. The HFD with 60% fat was purchased from the
Sipeifu Biotechnology Co., Ltd. All animal procedures complied with Chinese animal welfare ethics

guidelines and were approved by the Animal Care and Experiment Committee of the Institute of Medicinal



L. Sun et al. / Food Science and Human Wellness 16 (2027)

Plant Development, Chinese Academy of Medical Sciences. Weekly recordings included mouse body
weight, fasting blood glucose, and food/water intake. The oral glucose tolerance test (OGTT) and insulin

tolerance test (ITT) were conducted in the final two weeks (supporting information).
2.4. Antibiotic (ABX) cocktail administration

The ABX cocktail experiment protocols mirrored earlier ones with minor modifications (Zhang et al.,
2025). Nine weeks old male C57BL/6J mice (24 + 2g) were randomly allocated into four groups (n = 12):
HFFD, CTFH, AB, and AC. The dietary regimens for the HFFD and CTFH groups matched in section 2.3.
The AB and AC groups mice were treated with ABX (Macklin Biochemical Co., Ltd.) containing
streptomycin sulfate (0.5 mg/mL), neomycin sulfate (1 mg/mL), ampicillin (1 mg/mL), and gentamicin (1
mg/mL) to establish the pseudo-germ-free model. For the AC group, the ABX was administered in drinking
water for seven days prior to receiving CTF (400 mg/kg) and continued during the remaining time to ensure

the gut microbiota depletion.
2.5. Behavioral tests

A series of behavioral tests were conducted during the last two weeks of the experimental procedure.
Behavioral assessments containing the open field test (OFT), Morris water maze (MWM) and Y-maze test
were performed using previous methods (Pan et al., 2023; Zhang et al., 2025). All experimental animal
behavior videos and parameter analyses were recorded by VisuTrack software (Shanghai Xinruan Information
Technology Co., Ltd., Shanghai, China). The detailed procedure of behavioral experiments is presented in

supporting information.
2.6. Sacrifice and Sampling of Mice

Upon completion of behavioral tests, the mice were anesthetized with tribromoethanol (i.v. 20 mL/kg via
intraperitoneal injection) and euthanized. The whole brains were dissected and placed in 4%
paraformaldehyde (n=5). The serum, hippocampal tissues, and cecal contents were gathered and placed at

-80°C immediately for subsequent determination.
2.7. Hematoxylin & Eosin staining for histopathological assessment

A previous method in literature was referred (Zhang et al., 2025). The brain tissues were fixed in 4%
paraformaldehyde, followed by ethanol dehydration, paraffin embedding, slicing, and hematoxylin and eosin
(H&E) staining.

2.8. Transmission electron microscopy (TEM)

The TEM procedure followed published methods (Pan et al., 2023; Zhang et al., 2025) with
modifications.. Hippocampus was fixed in 2.5% glutaraldehyde, washed with 0.1 M PBS and dehydrated in
graded alcohol. Embedded and sectioned samples were dyed with 2% uranyl acetate in alcohol and observed
under an HT-7800 TEM (30000%, HITACHI, Japan). Images were analyzed by Image J software (version 6.0,
Media Cybernetics Inc., MD).

2.9. Untargeted metabolomics analysis of serum samples
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The 100 pL aliquots serum were placed in 400 pL of cold protein precipitant (methanol/acetonitrile =1:1,
v/v) containing an internal standard (IS) to remove the protein. The supernatant was nitrogen-dried and
redissolved in 100 pL protein precipitant. Sample (5 puL) were analyzed using UPLC-Q Exactive-Orbitrap
HRMS with a Cis column (1.8 um, 2.1 x 50 mm, Waters ACQUITY UPLC HSS T3, USA). The 0.1% FA in
water and 0.1% FA in acetonitrile were mobile phase A and phase B, respectively. The gradient procedure was

displayed in Table S2.
2.10. 16S rRNA sequencing

The microbial community analysis of mice feces through 16S rRNA was carried out by MetWare
Biotechnology (Wuhan, China). Fecal genomic DNA from was extracted using the Vazyme DNA/RNA
Extraction Kit (RM201-02), amplified by PCR targeting V3-V4 regions with the primer sequence of 515F
(5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3’), and
sequenced on the [llumina NovaSeq 6000 sequencer platform from Illumina (San Diego, CA, USA).

2.11. Widely targeted metabolomics analysis of stool samples

Widely targeted metabolomics of cecal content samples were analyzed by MetWare Biotechnology. In
brief, 20 mg of cecal contents were transferred into 0.4 mL of 70% methanol solution containing an IS. The
supernatant was analyzed by a UPLC-Triple Quad 5500 mass spectrometer installed with a Waters ACQUIY
UPLC T3 column. Both water (solvent A) and acetonitrile (solvent B) were acidified with 0.1 % FA (v/v) for
being employed as mobile phases at 0.4 ml/min. The optimized gradient elution program was depicted as

Table S3.
2.12. Targeted tryptophan metabolomics

The Try pathway in targeted metabolomics of serum, feces and hippocampus samples was analyzed as in
previous investigations (Desmons et al., 2022; Lefévre et al., 2019; Wang et al., 2019). Briefly, the individual
TRYs were prepared in a compound-free matrix to obtain a series of calibrators (0.10-50000.00 ng/ml). The
100 pL of serum or 5 mg of feces/hippocampus samples were taken, respectively, and homogenized with 400
uL of 80% methanol (contained IS). The supernatant was analyzed via the UPLC-Triple Quad 5500 mass
spectrometer system after centrifugation. Phase A was 0.1% FA water with 5 mM ammonium acetate and
phase B was 0.1% FA acetonitrile solution (Table S4 displayed the gradient elution procedure). The Waters
ACQUIY UPLC Cis HSS T3 column was employed to separate TRYs. Inserting one QC sample every 6
sample intervals was performed for instrument stability testing. This method calculates the RSD of all QC
samples based on the concentration of the standard to evaluate stability. The RSD < 8% of the test result
indicates that this method is stable and reliable (Table S8-S9). Target metabolite concentrations were
quantified using calibration curves (Table S8). And the methodological validation was conducted according to

previous methods (Desmons et al., 2022). The results of methodological validation were decrised in Table S9.

2.13. Real-time quantitative polymerase chain reaction (qQRT-PCR) analysis and western blot (WB)
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Hippocampal RNA was extracted by TriQuick Reagent, and the RNA integrity was assessed.
Commercialized primers, including Acth (DMM404349), Psd95 (DMM787665), Snap25 (DMM289037), Syp
(DMMS820352), Bdnf (DMM358751), and Ahr (DMM795008) were purchased from XYbiotech (Shanghai,
China).

The proteins from hippocampus and SH-SY5Y neuroblastoma cells were extracted using RIPA buffer
with protease inhibitors, followed by WB analysis with the antibodies (Abcam, China): PSD95 (Postsynaptic
density protein-95), SYP (Synaptophysin), SNAP25 (Synaptosome associated protein-25), BDNF
(Brain-derived neurotrophic factor), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), f-tubulin and
f-actin. Membranes were visualized via the ChemiDoc Touch imaging system (Bio-Rad). Protein grayscale

was analyzed using Image J (Zhang et al., 2025).
2.14. Immunofluorescent staining

Paraffin sections were blocked with 0.5% BSA, then incubated with primary antibodies against PSD95
(1:100) and AHR (1:100 dilution; ABclonal, China), followed by Alexa Fluor 488/594-conjugated anti-rabbit
IgG (1:200, ab150077 and ab150080, Abcam). Nuclei were stained with DAPI (Servicebio, Wuhan, China)
and sections were imaged under an Eclipse C1 upright fluorescence microscope (Nikon, Japan) with
Caseviewer 2.4 software (3DHISTECH Ltd., Hungary).

2.15. SH-S8Y5Y cells culture and administration

The human neuroblastoma cell line SH-SYS5Y was cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) containing 4500 mg/L glucose, sodium pyruvate, and sodium
bicarbonate; 10% fetal bovine serum, and penicillin and streptomycin at 100 U/mL penicillin and 100 mg/mL
streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and kept at 37°C in a humidified 5% CO: incubator.
SH-SYSY cells were obtained from ATCC, and all experiments were carried out up to 12 passages. In total,
80,000 cells/well were seeded on 96-well tissue culture plates. After 24 h, cells were treated with different
concentrations of D-Glucose (Sigma-Aldrich, St. Louis, MO, USA) (25, 50, 75, 100, 150, and 200 mM) for 24
h to find out the maximum concentration that induce cytotoxicity. Cell viability was evaluated by incubating
100 pL of cell counting kit-8 (CCK-8) assay (0.1 mg/ml) for 2 h. The D-glucose concentration that
substantially reduced cell viability was established as the optimal concentration. Groups were then established
as follows: the control group comprised SH-SYSY cells cultured with DMEM for 48 h; the model group
comprised cells cultured with DMEM for 24 h prior to injury with 75 mM glucose for 24 h; the ILA and ICA
group comprised cells simultaneously treated with ILA or ICA solution (Shanghai yuanye Bio-Technology
Co., Ltd, Shanghai, China) (0-40 uM) and 75 mM D-glucose for 48 h.

2.16. Statistical assessment

Statistical analysis was conducted using GraphPad Prism 9.0 (San Diego, California, USA). Two-group
comparisons used two-tailed unpaired Student’s t-tests, while one-way/two-way ANOVA with Dunnett’s post

hoc tests evaluated multi-group differences. Non-normally distributed data were analyzed by Kruskal-Wallis
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tests. Data are presented as the mean = standard deviation (SD). All experiments were repeated >3 times, and

P < 0.05 was considered significant.

3. Results
3.1. FBMN-assisted quali-quantitative profiling of CTF extract.

In the current study, the FBMN of phytochemical components in CTF was generated using the Global
Natural Products Social Molecular Networking (GNPS) platform (Fig. 1). The representative total ion
chromatograms (TIC) of CTF and the standard mixture were compared in the positive and negative ionization
modes (Fig. 1A). Then, all 178 chemicals were putatively identified (mass errors < 5 ppm), 57 of which were
first detected in CTF (Table S5), and 85 chemical nodes were annotated and dereplicated via the GNPS library
(Fig. 1B-E and Table S5). Polyphenols, containing 78 flavonoids, 27 phenolic acids, 12 coumarins, and 10
other phenols, were the most numerous components discovered in CTF, accounting for 71.35% (Fig. 1F and

Table S5), suggesting their importance as bioactive substances (Shen et al., 2021).
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Fig. 1. The chemical profiles of Coreopsis tinctoria flower (CTF). (A) Total ion chromatogram of CTF extract and 59
standard mixtures (25.00 pg/mL) detected by the UPLC-Q-Exactive-Orbitrap HRMS system. The graph demonstrates CTF
extract in the positive mode (black), standard mixture in the positive mode (red), CTF extract in the negative mode (green),
and the standard mixture (blue) in the negative mode from top to bottom; (B-D) The representative FBMN of flavonoids in

CTF; (E) The representative FBMN of phenolic acids in CTF. The edge width was defined by the cosine score (ranging from
0.7 to 1.0) between paired connected nodes. Compounds marked with asterisks represent standard substances, and their
structural formulas are listed in Table S1. Additional details can be found on the GNPS website (for positive ion mode:
https://gnps.ucsd.edu/ProteoS AFe/result.jsp?task=f15f2e20b51947¢f9d01c836efd0dall and for negative ion mode:
https://gnps.ucsd.edu/ProteoSAFe/result.jsp?task=f49db1179e0e4c928fd746bf6ed593a4); (F) Proportion of different types
of compounds identified in CTF; (G) The content of the top ten compounds in CTF. Abbreviations: CTF, Coreopsis tinctoria
flower; UPLC-Q-Exactive-Orbitrap HRMS, Ultra High Performance Liquid Chromatography Quadrupole Exactive Orbitrap
Mass Spectrometry; FBMN, feature-based molecular networking; GNPS, Global Natural Products Social Molecular
Networking

Therefore, the contents of 59 phenolic constituents in CTF were absolutely quantified through
UPLC-QQQ-Trap MS (Table S6). The quantitative method was examined through methodological analysis
(Table S6-S7). As shown in Fig. 1G, the top ten abundant phenolic compounds in CTF were marein
(200.64+2.10 mg/g), okanin (142.08+1.50 mg/g), isookanin (60.83+1.25 mg/g), 3,5-dicaffeoylquinic acid
(44.71£1.02 mg/g), isookanin-7-O-f-D-glucopyranoside (27.10+0.54 mg/g), 4,5-dicaffeoylquinic acid
(21.39+0.39 mg/g), neochlorogenic acid (14.94+0.18 mg/g), myricetin-3-O-galactoside (9.62+0.21 mg/g),
7,8,3",4'-tetrahydroxydihydroflavanone (8.77+0.13 mg/g), and coretinphencone (7.24+0.20 mg/g). Overall,
CTF extracts are abundant in bioactive ingredients, providing a solid foundation for developing medicine and

health-modifying food products.
3.2. CTF improved glucolipid metabolism disorder and cognitive dysfunction in HFFD-fed mice.

To assess the protective effects of CTF supplements against cognitive impairment, a chronic model was
established by 14 weeks HFFD feeding (Fig. 2A). The three doses of CTF and Met alleviated excessive
weight gain at different degrees compared with the HFFD group (Fig. S1A, P < 0.05). Notably, CTF didn’t
affect daily food and water intake (Fig. S1 B-C), indicating that the observed anti-obesity effects were not due
to reduced caloric intake. In addition, the effects of CTF on alleviating lipid accumulation and serum lipids
were partially observed (Fig. S1 D-E). Both OGTT and ITT tests further demonstrated that CTF enhanced
glucose tolerance and insulin sensitivity (Fig. S1 F-I, P < 0.05). Correspondingly, a significant reduction in
insulin resistance, as indicated by HOMA-IR, was observed in CTF-administrated mice (Fig. S1 J-L, P <
0.01). Together, these findings suggest that long-term CTF supplementation effectively ameliorates

HFFD-induced disturbances in glucolipid metabolism.
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Fig. 2. CTF improved cognitive dysfunction in HFFD-fed mice (n=12). (A) Animal experimental design (n = 12); (B)
Distance for 5 min in OFT; (C) Escape latency in MWM test; (D) Time spent in target quadrant in MWM test; (E) Number of
platforms crossing in MWM test; (F) Spontaneous alternation rate in Y-maze test. Data are presented as the mean + SD. #P <
0.05, ##P < 0.01, ###P < 0.001 in comparison to the control (NC) group, *P < 0.05, **P < 0.01, ***P < 0.01 in comparison
to the HFFD group. p values were calculated by one-way ANOVA with Tukey’s or Tamhane’s tests. Abbreviations: HFFD,

high-fat and high-fructose diet; OFT, the open field test; MWM, Morris water maze test.

To evaluate the hippocampus-dependent spatial learning and memory ability of HFFD-fed mice and the
potential protective effects of CTF, the OFT, MMW, and Y-maze tests were conducted (Fig. 2A). There was
no significant intergroup difference in total distance traveled during the OFT, indicating the motor ability of

mice was not affected (Fig. 2B). During the 5-day place navigation test, escape latency trended downward,
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though HFFD-group mice showed significantly higher latency than other groups from second day (Fig. 2C, P
< 0.05). HFFD-group mice spent less time in the target quadrant during the probe trial (Fig. 2D, P < 0.05) and
exhibited fewer platform crossings (Fig. 2E, P < 0.05), respectively less 42.85% and 40.82% than those in the
NC group, indicating impaired spatial memory. These deficits were ameliorated by CTF, particularly at the
high dose (400 mg/kg/day, P < 0.001 and P < 0.01). Fig. SIM showed the trajectories of each group in the
space exploration test. Importantly, there were no significant differences in swimming speed among groups,
ruling out motor dysfunction as a confounding factor (Fig. SIN). In the Y-maze test, mice in CTFH group
showed 1.36 folds higher spontaneous alteration rate compared with the HFFD-fed mice (Fig. 2F, P < 0.01).
These results indicated that CTF effectively alleviated HFFD-fed cognitive impairment, especially the CTF at
the highest dose.

3.3. CTF ameliorated synaptic plasticity and neurotrophic factors in the hippocampus.

The structural plasticity of hippocampal postsynaptic membranes is fundamental to learning and memory
(Zhang et al., 2025), and hippocampal neurons are particularly vulnerable to damage during cognitive decline.
H&E staining revealed that neurons in the hippocampal dentate gyrus (DG) of HFFD-fed mice exhibited deep
nuclear staining, reduced cell size, irregular morphology, and indistinct nuclear-cytoplasmic boundaries

compared with the NC group; however, CTF markedly improved damaged neuronal morphology (Fig. 3A).
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Fig. 3. CTF ameliorated synaptic plasticity and neurotrophic factors in the hippocampus. (A) Hippocampal sections stained
with H&E staining at 500 um and 200 pm; (B) Representative TEM of PSD (500 nm) (n=3); (C-D) The length and width of
PSD (n=3); (E) Representative WB analysis of PSD95, SYP, and SNAP25 in mice hippocampus. (F) Quantification of
PSD95, SYP, and SNAP25 protein levels; (G) Relative mRNA expression of hippocampal Psd95, Syp, and Snap25; (H)
Representative WB analysis of hippocampal BDNF. (I) Quantification of BDNF protein levels; (J) Relative mRNA
expression of hippocampal Bdnf. Data are presented as the mean = SD (n=3). #P < 0.05, ##P < 0.01, ###P < 0.001 in
comparison to the NC group; *P < 0.05, **P < 0.01, ***P < (0.001 in comparison to the HFFD group. p-values were
calculated by one-way ANOVA with Tukey’s or Tamhane’s tests. Abbreviations: PSD, postsynaptic density; TEM,
Transmission Electron Microscope; WB, Western Blotting; PSD95, Postsynaptic density protein-95; SYP, Synaptophysin;
SNAP25, Synaptosome associated protein-25. BDNF, Brain-derived neurotrophic factor; H&E staining, hematoxylin-eosin
staining.

Given the critical role of postsynaptic density (PSD) in synaptic transmission and cognitive processes
(Pan et al., 2023), we next examined synaptic ultrastructure. TEM analysis showed PSD length (1.36-folds
than HFFD group, P < 0.05) and thickness (1.89 folds than HFFD group, P < 0.01) were significantly
increased in the CTFH group (Fig. 3B-D). Consistently, WB and qRT-PCR analyses revealed CTF
upregulated the expression of PSD95, a key synaptic scaffold protein, in the hippocampus (Fig. 3E-G, P <
0.05). Additionally, CTF increased the levels of SNAP25 and SYP, two essential proteins involved in synaptic
vesicle fusion and neurotransmitter release (Fig. 3E-G, P < 0.05), suggesting enhanced synaptic structural
integrity. Moreover, BDNF directly facilitates axonal growth and enhances synaptic functional plasticity via
promoting long-term potentiation (Wang et al., 2023). WB and qRT-PCR analysis illustrated CTF elevated
BDNF accumulation in the hippocampus of HFFD mice (Fig. 3H-J, P < 0.05). These results fully validated

the improvement effect of CTF on HFFD-induced synaptic structural and functional impairments in mice.
3.4. CTF significantly modulated serum tryptophan metabolic profiles.

To explore the systemic metabolic effects of CTF in HFFD-induced cognitive impairment, untargeted
metabolomics was performed on serum samples. PCoA analysis characterized the overall changes in
metabolic profiles (Fig. 4A). The score plots demonstrate tight clustering of quality control (QC) samples,
confirming the stable reliability of LC-MS system during analysis. Altogether 1258 metabolites were detected
in serum and were classified based on the HMDB database, among which 86 metabolites were identified as
differentially expressed metabolites (DEMs) by multivariate statistical analysis in three groups. To explore the
impacts of CTF on metabolic pathways in HFFD-fed mice, the serum DEMs were subjected to KEGG

pathway analysis via MetaboAnalyst 5.0. The result showed Try metabolism was more significant in this
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study (Pathway effect values > 0.4), and notably, differential TRYs were marked in volcanic maps (Fig.
4B-E).
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Fig. 4. CTF modulated tryptophan metabolic profiles in serum (n=5). (A) Principal coordinates analysis (PCoA) analysis;
(B-C) Volcano plots depicting representative differentially TRY's between the NC group and HFFD group (B), and between
the HFFD group and CTFH group (C); (D-E) KEGG pathway analysis using differential metabolites between the NC group

and HFFD group (D), and between the HFFD group and CTFH group (E); (F) The concentration of Try in serum; (G) The

concentration of KYN in serum; (H) The ratio of KYN/Try in serum; (I) The concentration of SHIAA in serum; (J) The
concentration of IAA in serum; (K) The concentration of ICA in serum; (L) The concentration of ILA in serum. (M) Try
metabolism pathway. Data are presented as the mean = SD. #P < 0.05, ##P < 0.01, ###P < 0.001 in comparison to the NC
group, *P < 0.05, **P < 0.01, ***P < 0.001 in comparison to the HFFD group. p-values were calculated by one-way
ANOVA with Tukey’s or Tamhane’s tests. Abbreviations: KYNA, kynurenic acid; KYN, L-kynurenine; IAA, indole-3-acetic
acid; SHIAA, 5-hydroxyindole-3-acetic acid; SHT, 5-hydroxy-L-tryptophan; IPA, indole-3-pyruvic acid; ILA, indole-3-lactic
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acid; ICAH, indole-3-carboxaldehyde; Try, L-tryptophan; ICA, indole-3-carboxylic acid; ICAH, indole-3-carboxaldehyde.
TRYs, tryptophan metabolites; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Given the central role of Try metabolism, targeted metabolomics was subsequently applied to quantify
key TRYSs in serum (Table S8). Additionally, the information about metabolites stability (RSD < 11%) during
sample processing and storage conditions (4°C) were displayed in Table S9. Dietary Try is metabolized in the
body through three pathways, including the serotonin pathway, the kynurenine (KYN) pathway and the
intestinal bacteria-derived indole pathway (Xue et al., 2023). CTFH significantly increased levels of
indole-3-acetic acid (IAA), S5-hydroxyindoleacetic acid (5-HIAA), indole-3-lactic acid (ILA),
indole-3-carboxylic acid (ICA), and Try, while reducing KYN and the KYN/Try ratio (Fig. 4F-L, P < 0.05).
As a result, a holistic serum Try metabolic network map was constructed (Fig. 4M), which indicated CTF
administration increased gut microbiota derived Try metabolism to the serotonin and indole pathways but

decreased it to the KYN pathway.

3.5. CTF partially restored normal gut microbiota composition and regulates microbiota-derived tryptophan

metabolites.

To investigate the role of the gut microflora in Try metabolism for CTF administration, 16SrRNA
sequencing was performed on the fecal samples. HFFD feeding significantly altered microbial a-diversity
(ACE, Chaol, Shannon, Simpson indices; Fig. S2A-D, P < 0.001) and S-diversity (Bray—Curtis-based PCoA;
Fig. S2E-F), which were partially restored by CTFH treatment. At the phylum level, HFFD increased
Firmicutes and decreased Bacteroidetes, while CTFH reversed this trend (Fig. 5A). At the genus level,
harmful bacteria Faecalibaculum was substantially higher in the HFFD group compared to the NC group,
whereas probiotics Allobaculum, Bacteroides, Clostridium, Roseburia, Akkermansia, etc., were clearly lower
(Fig. 5B), while the CTFH showed a relative increase in the above-mentioned beneficial bacteria and the
relative reduction of Faecalibaculum in comparison to the HFFD group by LEfSe assessment (Fig. 5B-D).
The cluster heatmap further confirmed CTFH-mediated remodeling of gut microbiota (Fig. SE). Moreover,
KEGG annotation-based PICRUSt analysis showed the Try metabolism was significantly enriched in the
CTFH group (Fig. 5F), suggesting its critical role in CTF's protective mechanism of cognitive impairment.
Next, Spearman correlation analysis between differential TRYs quantified using targeted metabolomics in
serum and differentially expressed intestinal bacteria was conducted, showing that beneficial bacteria
(Roseburia, Oscillibacter, Colidextribacter, etc.,) were positively correlated with Try, SHIAA, IAA, ICA, and
ILA, while harmful bacteria (Dubosiella) were negatively correlated with them (Fig 5G).
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Fig. 5. CTF reshaped gut microbiota and microbial TRY's in cecal contents (n=6). (A) Relative abundance of differential gut
microbiota at the phylum level; (B) Relative abundance of differential gut microbiota at the genus level. (C-D) Taxonomic
cladogram obtained from LEfSe analysis of differential gut microbiota (LDA score >4, a <0.1); (E) Heatmap of differentially
expressed intestinal bacteria; (F) Prediction of KEGG metabolic pathways in microbial communities using PICRUSt; (G) A
two-tailed Spearman correlation heatmap demonstrating the correlation between bacterial abundance that differs from other
groups at the genus level and differential TRY's quantified using targeted metabolomics in serum, with positive correlations in
red and negative correlations in blue (*P < 0.05, p**<0.01, and p***<0.001). (H-I) Volcano plots depicting representative
differentially TRYs between the NC group and HFFD group (H), and between the HFFD group and CTFH group (I); (J) A
heatmap showing potential differential TRYSs in feces in different groups; (K-L) KEGG pathway analysis using differential
metabolites between the NC group and HFFD group (K), and between the HFFD group and CTFH group (L); (M) A
two-tailed Spearman correlation heatmap showing the correlation coefficient between bacterial abundance that differs from
other groups at the genus level and differential TRYs levels in feces, with positive correlations in red and negative correlations
in blue (*P < 0.05, p**<0.01, and p***<0.001). Abbreviations: KYNA, kynurenic acid; KYN, L-kynurenine; IAA,
indole-3-acetic acid; SHIAA, 5-hydroxyindole-3-acetic acid; SHT, 5-hydroxy-L-tryptophan; IPA, indole-3-pyruvic acid,;
ILA, indole-3-lactic acid; ICAH, indole-3-carboxaldehyde; Try, L-tryptophan; ICA, indole-3-carboxylic acid; ICAH,
indole-3-carboxaldehyde; QA, quinolinic acid; IAM; indole-3-acetamide; SHIAD, 5-hydroxyindole acetaldehyde; IACA,
3-indoleacrylic acid; IAPA, 3-indolepropionic acid; 4IcarA, indole-4-carboxaldehyde; SHIAD, 5-hydroxyindole
acetaldehyde; NADT, N-acetyl-D-tryptophan; NFK, N'-formylkynurenine; IAPA, 3-indolepropionic acid; IE, indole
3-ethanol; SHTry, 5-hydroxytryptophol; 6HM, 6-hydroxymelatonin.

To assess the effect of CTFH on intestinal microbiota metabolites, widely targeted metabolic profiling of
the cecal contents was conducted and revealed 1,438 metabolites, with clear group separation in PCA (Fig.
S2F). A total of 260 DEMs (VIP > 1, P < 0.05, |FC| > 2) were identified, including 20 tryptophan-related
compounds (Fig. SH-I). HFFD reduced total TRYs (indole pathway), which were significantly restored by
CTFH (Fig. 5J). In addition, the metabolite set enrichment analysis (MSEA) also confirmed that Try
metabolism was significantly enriched in both NC vs. HFFD and CTFH vs. HFFD comparisons (Fig 5K-L).
Finally, Spearman correlation analysis between intestinal bacteria-derived TRY's in feces and differentially
expressed intestinal bacteria was performed, illustrating beneficial bacteria (Roseburia Oscillibacter,
Colidextribacter, etc.,) were positively correlated with TRYs (especially ICA, and ILA), while harmful
bacteria (Dubosiella) were negatively correlated with them (Fig SM).
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3.6. CTF promoted hippocampal TRYs production and increased AHR expression in hippocampal tissue.

Studies have shown that certain gut-derived TRY's can cross the BBB and have neuroprotective effects
(Xue et al., 2023). Our results consistently showed that CTF significantly increased hippocampal levels of Try
(P <0.001), ICA (P < 0.05), and ILA (P < 0.05) compared to the HFFD group, partially restoring them to
normal levels (Fig. 6A—C). These findings suggest that ICA and ILA, two microbiota-derived indole
derivatives, may cross the BBB and contribute to neuroprotection. Given that indoles are endogenous ligands
of the AHR, we next assessed AHR expression in the hippocampus. Immunofluorescence analysis revealed a
lower AHR expression in HFFD mice comparable to the NC group (P < 0.01), while the CTFH group
demonstrated markedly higher AHR expression (P < 0.05) (Fig. 6D-E). This result was further validated by
qRT-PCR (Fig. 6F). These results imply that the neuroprotective effect of CTF may correlate with the

increased AHR expression in the brain.
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Fig. 6. CTF promoted hippocampal TRY's production and activated AHR expression in hippocampal tissue. (A) Hippocampal
Try levels; (B) Hippocampal ICA levels; (C) Hippocampal ILA levels; (D) co-immunofluorescence image of AHR and
PSD95 in hippocampus (500 pm), stained for PSD95 (green), AHR (red) and DAPI (blue). (E) Quantification of AHR in the
hippocampus. (F) Relative mRNA expression of A4 in mice hippocampus; (G) Heatmap of the correlation between the
cognitive impairment phenotype and TRY's in hippocampus. (H) Pairwise comparisons of cognitive phenotypes are shown,
with a color gradient denoting Spearman’s correlation coefficient. Try, ILA, ICA were related to each cognitive factor by
partial Mantel tests. Edge width is proportional to the Mantel’s 7 statistic for the respective distance correlations, while edge
color indicates statistical significance. (I) Correlations between the levels of Try, ILA, ICA, and the significantly differing
relative abundance of bacteria at the genus levels. Data are presented as the mean + SD. #P < 0.05, ##P < 0.01, ###P < 0.001
in comparison to the NC group, *P < 0.05, **P < 0.01, ***P < (0.001 in comparison to the HFFD group. p-values were
calculated by one-way ANOVA with Tukey’s or Tamhane’s tests. Abbreviation: ICA, indole-3-carboxylic acid; ILA,
indole-3-lactic acid.

To explore the functional significance of these metabolites, we performed correlation analyses between
hippocampal Try and TRYs (ICA and ILA) and cognitive performance metrics, including MWM (platform
crossings, quadrant duration, latency) and Y-maze (alternation rate), synaptic and neurotrophic markers
(PSD95, SYP, SNAP25, BDNF), and AHR in the hippocampus. Spearman and Mantel tests showed that
hippocampal ILA and ICA were positively associated with behavioral performance and expression of these
markers but negatively correlated with MWM latency (Fig. 6G—H). Moreover, Spearman analysis revealed
that ICA and IAA levels showed a positive correlation with the abundance of Roseburia and Colidextribacter,
indicating these bacteria may contribute to CTF-mediated regulation of TRY metabolism and brain function
(Fig. 61).

These results suggest that CTF ameliorates HFFD-induced disruption of gut microbiota-related Try
metabolism. By promoting the production and brain entry of indole metabolites (ILA and ICA), CTF
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enhanced synaptic and neurotrophic function and was associated with activation of AHR signaling, thereby

exerting cognitive protective effects.

3.7. The depletion of gut microbiota diminishes CTF-mediated protection against HFFD-related cognitive
deficits.

To determine whether the intestinal microbiota mediates the cognitive benefits of CTF, mice fed with
HFFD were pretreated with a wide-spectrum ABX to eliminate gut microbiota preceding CTF administration.
16S rRNA sequencing of cecal contents confirmed that ABX treatment markedly reduced both a and S
diversity, with a sharp increase in Proteobacteria abundance (Fig. S3A—Q), indicating effective microbiota
depletion in the AB and AC groups.

The OFT assay revealed no significant difference in the 5S-minute travel distance among groups (Fig. 7A).
The MWM test showed ABX treatment significantly reduced CTF-mediated cognitive decline in HFFD mice,
evidenced by longer escape latency (P < 0.05), shorter target quadrant time (P < 0.05), and fewer platform
crossings (P < 0.05) (Fig. 7B-E). The trajectory diagram of the water maze is shown in Fig. S3H. The Y maze
test further indicated that ABX treatment decreased 30.46% the spontaneous alternation percentage in
CTF-intervened mice (Fig. 7F, P < 0.01). TEM analysis of PSD also revealed that antibiotic treatment
decreased hippocampal postsynaptic density in CTFH mice (Fig. 7G-I, P < 0.05). Of note, the concentration
of Try, ICA and ILA in the hippocampus, serum, and feces reduced in AC groups compared to the CTFH
group (Fig. 7J-0O; Fig. S31-J, P < 0.05). Collectively, these findings indicate that the protective effect of CTF

against HFFD-induced cognitive disorder relies on the gut microbiome.
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Fig. 7. The gut microbiota plays a crucial role in the beneficial effects of CTF for improving cognitive impairment. (A)
Distance for 5 min in OFT; (B) Escape latency during the place navigation test in MWM; (C-E) Escape latency, time spent in
the target quadrant, number of platform crossings, average swimming speed, (F) Spontaneous alternation in the Y-maze test;
(G) Representative TEM of PSD (500 nm) (r=3); (H-I) The length and width of PSD (n = 3). (J-L) Concentration of ICA in

serum, feces, and hippocampus; (M-O) Concentration of ILA in serum, feces, and hippocampus. Data are presented as the
mean £ SD. *P < 0.05, **P < 0.01, ***P < 0.01. p values were calculated by one-way ANOVA with Tukey’s or Tamhane’s
tests. Abbreviation: ICA, indole-3-carboxylic acid; ILA, indole-3-lactic acid.

3.8. ILA and ICA mitigated synaptic damage in SH-SY5Y cells induced by HG

To confirm the contributions of ILA and ICA to neural synapses, we first established the high-glucose
(HG) injury model in SH-SYS5Y cells. Screening for optimal HG conditions showed that treatment with 75
mM glucose for 24h resulted in a significant reduction in cell viability compared to the control group (P <
0.05, ;Fig. 8A), which is consistent with previouse reseach (Li et al., 2024). Thus, 75 mM concentration was
subsequently used for all HG induction studies. Furthermore, the cytotoxicity of ILA and ICA was evaluated,
confirming that neither metabolite induced toxic effects on SH-SYS5Y cells at doses below 80 uM (P < 0.05;
Fig. 8B-C). Subsequently, we treated SH-SY5Y cells with 75 mM D-glucose (HG) and 10-40 uM ICA or ILA,
respectively. According to the results of cell viability assays, 40 uM and 20 uM were the optimal
concentrations of ICA and ILA, respectively, in this study (P < 0.05; Fig. 8D-E).



L. Sun et al. / Food Science and Human Wellness 16 (2027)

A 3 1504 B
Pt 150+ 150+
| ..
Q ;E =
% 100 < =
o 2 100 - W pay 21004 . I . # ## pun
2 s s
3 5 = sod =
o @ [7]
= o o
]
8 ol
control 25 50 75 100 150 200 control 20 40 80 100 control 20 40 80 100
Glucose (mM) ICA (uM) ILA (uM)
D 1 ok E = ..
1004 & * g e
2 i Z
— I o
2 6 1004 — % Kk
;E = i T
K 504 - -
> z
T = 507
o €
S
trol HG 10 20 30 40 0 T T T T
o0 control HG 10 20 30 40
ICA (pM
N
60
@ &
F G H BDNF 28 KD
B - SoKD
n 2.04 Z
$° 0 control HG  HICA .
e ¥ ~2 £3 wok
o (=]
PSD95 -* 95 KD et KAk 2515
2 S 1.5 ek k% © O
=y -1
syP| SR WM @ (8k0 :2 I I . ] 32 I
a? w 2
» = o = 1.04
= = 1.0] 2=
B-Tubulin| W es@m» (55KD  c3 - i ge .
- g2 - T £%, 5 =
smmE 25KD & 205 e
@ L0
<) @S
,B-Tubulin| - s |55 KD 0.0 ; ; . o -
PSD95/3-Tubulin  SYP/B-Tubulin control HG

SNAP25/S-Tubulin

| J K _d
BDNF| == == ;23 KD
<o - BH\busn Sun . |55 KD
T 3 ]
- _ 207 wcontrdl WHG WILA 535 -
SYP| WS =% @ |35 D 5 0=
t dek *kk L O 1.5
5515 dede o0
PSDOS| #== s == |95KD @O " N 58 -
g w2
B-Tubulin| emwessems (55KD 3>, 1 e & 10 J_
b # # .s
s I # iy ##
SNAP2S| @8 —u gy (25KD £ = 5 205 s
= 8
B-Tubulin m 55 KD — =
- = ou r = : 00_
PSD95/-Tubulin  SYP/B-Tubulin SNAP25/6-Tubulin control HG  ILA

Fig. 8. ILA and ICA improved HG (high glucose)-induced synaptic damage. (A) SH-SY5Y neuroblastoma cells viability was
assessed were using the CCK8 assay, which were treated with 25-200 mM D-glucose for 48 h. (B-C) SH-SY5Y
neuroblastoma cells viability was assessed were using the CCKS assay, which were treated with 20-200 mM ICA or ILA for
48 h. (D-E) SH-SYSY neuroblastoma cells viability was assessed were using the CCK8 assay, which were treated with 75
mM D-glucose and with 0-40 uM ICA or ILA for 48 h. (F-G) Representative WB analysis and quantification of PSD95, SYP,
and SNAP25 in SH-SYS5Y cells treated by 75 mM D-glucose and 40 uM ICA for 48 h. (H) Representative WB analysis and
quantification of BDNF in SH-SYS5Y cells treated by 75 mM D-glucose and 20 uM ICA for 48 h. (I-J) Representative WB
analysis and quantification of PSD95, SYP, and SNAP25 in SH-SYS5Y cells treated by 75 mM D-glucose and 20 uM ILA for
48 h. (K) Representative WB analysis and quantification of BDNF in SH-SYS5Y cells treated by 75 mM D-glucose and 20 uM
ILA for 48 h. Data are presented as the mean = SD. #P < 0.05, ##P < 0.01, ###P < 0.001 in comparison to the Control group,
*P <0.05, **P < 0.01, ***P < 0.001 in comparison to the HG group. p-values were calculated by one-way ANOVA with
Tukey’s or Tamhane’s tests.



L. Sun et al. / Food Science and Human Wellness 16 (2027)

To evaluate the effects of ICA and ILA on synaptic plasticity, we measured HG-induced PSD95, SYP,
SNAP-25, and BDNF protein expression in SH-SYSY cells. In Fig. 8F-K, SH-SYS5Y cells maintained in HG
showed significant reductions in expression levels of PSD95, SYP, SNAP-25, and BDNF when compared
with control group cells (P < 0.05). However, treatment with 40 uM ICA or 20 uM ILA increased the
expression of synapse-associated proteins and neurotrophic factors (P < 0.01; Fig. 8F-K). Accordingly, ICA
or ILA could upregulate synaptic plasticity HG-induced SH-SY5Y cells.

4. Discussion

Coreopsis tinctoria (CTF) has a history of consumption as a herbal (Wang et al., 2017) tea in traditional
practices, suggesting its likely safety for short-term human use at dietary-relevant doses (Liu et al., 2023).
Aierken et al. (2018) did not find any genetic toxicity in CTF through Ames test, mammalian cell chromosome
aberration test in vitro, micronucleus test, sperm abnormality test, and mouse spermatogonial or spermatocyte
chromosome aberration test. However, it must be clearly stated that systematic clinical trials to establish the
safety, tolerability, and appropriate dosage of standardized CTF extracts for therapeutic purposes in humans
are still lacking. Such investigations represent an indispensable and crucial step before any clinical application
can be considered.

HFFD feeding induced obesity and glucose metabolic dysfunction, known risk factors for
neurodegenerative disease (Sun et al., 2022). Earlier research showed that the CTF extract and its bioactive
compounds exhibit neuroprotective effects in cell culture and in animal models by influencing factors related
to neuroinflammation, alleviating oxidative stress, and enhancing acetylcholine, as well as altering intestinal
microbiota (Shen et al., 2021). Nevertheless, the role of intestinal microflora in the effect of CTF on
HFFD-induced cognitive impairment remains largely not understood.

In this study, HFFD-fed mice exhibited significant deficits in spatial and working memory, accompanied
by gut microbiota dysbiosis and impaired Try metabolism, characterized by reduced levels of key
microbial-derived metabolites such as ILA and ICA. However, oral administration of CTF (100-400
mg/kg/day) could reverse the cognitive behavior changes and promote Try and intestinal bacteria-derived
TRYs production, especially ILA and ICA. More importantly, the protective effects of ICA and ILA on
synaptic damage have been confirmed in SH-SYS5Y cells. As both ILA and ICA are known ligands of the
AHR, further analyses revealed that CTF treatment was related to increased hippocampal expression of AHR
and BDNF, together with elevated levels of synaptic plasticity markers including PSD95, SNAP25 and SYP.
These findings indicate that the cognitive benefits of CTF may be mediated through modulation of the gut
microbiota—Try—brain axis, ultimately supporting synaptic function and neuronal plasticity in the context of
HFFD-induced cognitive impairment.

A thorough investigation of plant-derived products and metabolites is necessary for understanding the
intricacies of natural food therapy (Han et al., 2025). The bioactivity of CTF is predominantly attributed to its
polyphenolic compounds (Gao et al., 2025). However, the insufficient characterization of these phenolics in

CTF poses a major obstacle to advancing bioactivity studies of plant-derived beverages. FBMN, an emerging
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mass spectrometry technique, provides notable advantages for isomer and stereoisomer discrimination by
integrating the excellent separation capabilities of liquid chromatography with the robust characterization
power of mass spectrometry (Nothias et al., 2020). However, FBMN also has limitations in distinguishing
isomers, especially lacks isomers standard compounds and public database support, which leads to a decrease
in the confidence level of annotations (Li et al., 2022). Natural medicines typically exhibit a complex material
basis, and systematic research approaches for this remain underdeveloped, often failing to yield reliable data
on their active ingredients (Han et al., 2025). Another challenge of FBMN is the separation of different ion
adducts (such as protonation and sodiation), which leads to redundant subnetworks and indirectly affects
isomer recognition (Schmid et al., 2021). Thus, multi-layer validation strategies are required in FBMN
analysis. Currently, the strategy of LC-MS/MS-based FBMN technology was employed to comprehensively
detect phytochemicals in CTF, with 178 compounds being comprehensively characterized and, among them,
57 constitutions being first reported (Fig. 1 and Table S5). Of note, some quinic acid and flavonoid derivatives
with similar fragmentation patterns and molecular structure in CTF were found and annotated through FBMN
(Fig. 1 and Table S5). Moreover, considering safety and environmental protection, an environmentally
friendly extraction of an ethanol-water mixture was selected as a solvent to extract active ingredients in CTF.
The extract preparation removes ethanol via concentration, and the final freeze-dried product for animal
feeding is ethanol-free, posing no harm in practical food applications.

Dysregulation of Try metabolism has emerged as a key contributor to the gut-brain axis and is
increasingly recognized for its role in cognitive impairment and neurodegenerative diseases (Li et al., 2024).
Dietary Try is metabolized through three primary pathways: first, the gut microbial indole pathway, yielding
neuroactive metabolites such as ILA, ICA, TAA, IPA, etc.; second, the KYN pathway in immune and
epithelial cells, generating metabolites such as quinolinic acid (QUIN), which has neurotoxic potential; and
third, the serotonin (5-HT) pathway in enterochromaffin cells, producing neuroactive amines (Xue et al.,
2023). Among these, indole derivatives have shown potent neuroprotective properties, and recent studies
indicate that plant polyphenols may influence these metabolic routes by reshaping gut microbial composition.
For instance, a polyphenol, quinic acid, derived from millet, significantly increased gut microbial TRYs
(IAA), inhibiting the DR3/IKK/NF-kB signaling to mitigate oxidative stress and neuroinflammation in
HFD-exposed brains (Li et al., 2024). In the present study, serum metabolomics illustrated an elevation in Try,
SHIAA, TAA, ILA, and ICA levels and a decrease in KYN concentrations with CTF, showing that Try
metabolism transitioned from the KYN pathway to the 5-HT and indole pathways (Fig. 4). A study reported
that the blood levels of KYN and QA, along with the KYN/Try ratio, positively correlate with cognitive
function in AD patients (Xue et al., 2023b). Consistently, the serum KYN/Try ratio was markedly higher in
the HFFD group; however, CTF administration reversed this situation in our study (Fig. 4). Consistent with
our results, accumulating evidence demonstrating that these microbially-derived tryptophan metabolites are
absorbable, can be detected in systemic circulation (blood, urine, feces, cerebrospinal fluid, et al.) (Sun et al.,

2022). Several structurally related indole derivatives (IPA, ILA, ICA, et al.) have been confirmed to exhibit
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neuroactive properties, likely through direct access to the central nervous system (Hao et al., 2025; Jiang et al.,
2024; Shang et al., 2025; Yin et al., 2023), which may means that these metabolites have high bioavailability.
More importantly, only a relatively high concentration of ILA and ICA was detected in the hippocampus after
CTF administration and significantly positively correlated with the indicators of cognitive improvement (Fig.
6G-H), indicating these two indoles could be indeed the key metabolites for CTF to improve HFFD induced
cognitive impairment.

To date, several probiotic strains with the capability to synthesize TRYs and confer neuroprotective
effects have been validated in vivo experimentally. A team reported Roseburia administration raised levels of
5-HT in the brain and colon but markedly decreased KYN and QUIN levels to ameliorate the mouse
depressive behaviors (Zhou et al., 2023). Likewise, Akkermansia_muciniphila promoted 5-HT production and
inhibited KYN production to reduce neuroinflammation (Jiang et al., 2024). The synbiotic Clostridium
sporogenes and xylan could raise IPA production to enhance cognitive ability and spatial memory capacity in
AD mice (Li et al., 2024). In our study, Akkermansia _muciniphila, Muribaculum, and Bacteroides were the
common characteristic bacteria in the NC and CTFH groups compared with the HFFD group, whereas
Clostridium, Alloprevotella, Roseburia, Oscillibacter, and Colidextribacter were the characteristic bacteria in
the CTFH group (Fig. 5). Among them, Colidextribacter and Roseburia had the strongest correlation with
hippocampal Try, ILA and ICA (Fig. 6]) and exhibited a positive association with cognitive improvement
phenotype (Fig. 6G-H), indicating Colidextribacter and Roseburia might serve as the keystone bacteria in
reaction to CTF administration. However, there are very limited direct studies on Colidextribacter, and its
classification and function have not been fully clarified. Moreover, a pivotal consideration for the clinical
translation of our findings is the well-documented inter-individual variation in gut microbiota composition.
Indeed, our data demonstrate that the microbiota signature, particularly the baseline abundance of taxa capable
of converting dietary tryptophan into ILA and ICA (e.g., Colidextribacter and Roseburia species), may serve
as a key determinant and predictive biomarker for treatment responsiveness of cognitive impairment. Future
clinical studies could explore strategies such as pre-screening for favorable microbial biomarkers or the
co-administration of CTF with specific probiotic strains to ensure consistent and robust production of
beneficial metabolites across diverse human populations.

AHR mediates immune regulation via indoles (as its ligands), benefiting neurological disorder (Sun et
al., 2022). Activation of AHR has been linked to attenuation of neuroinflammation, astrocyte modulation, and
enhancement of synaptic plasticity through upregulation of BDNF and synaptic proteins such as PSD95
(Ahmed et al., 2022). In our study, the hippocampal AHR expression level in HFFD group showed
significantly lower levels than the NC and CTFH groups (Fig. 6D-F). Consistent with our findings,
Postmortem brains of AD patients showed abnormal AHR levels versus normal controls (Ramos-Garcia et al.,
2020). Recently, researchers found that indole induces the expression of SYP and PSD95 in the hippocampus,
with AHR being crucial for indole's neurogenic effects, as indole failed to promote neurogenesis in AHR KO

mouse neutrospheres cultured in vitro, contributing to the number of DCX" cells in the hippocampal dentate
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gyrus of indole-treated AHR KO mice being lower than that in wild-type mice (Wei et al., 2021).
Analogously, the anti-inflammatory effect of indole-3-carbinol on microglia was reversed by AHR
knockdown (Khan & Langmann, 2020). Research has shown that the action of AHR agonists is related to
cytochrome P450 enzymes, which means, as established AHR agonists, ILA and ICA are likely to induce the
expression of cytochrome P450 enzymes, particularly members of the CYP1A family (e.g., CYP1AI and
CYP1A2) (Xue et al., 2023). This raises a legitimate theoretical concern that concurrent use of indoles with
medications that are substrates of these enzymes (e.g., clozapine, olanzapine, theophylline, and warfarin)
could accelerate their metabolism, potentially reducing their clinical efficacy. Therefore, investigating the
interaction potential of indole with commonly prescribed drugs must be an integral component of its future
safety assessment. Any future clinical application should include clear communication of this potential
interaction and may require monitoring of relevant drug levels in co-medicated individuals. Overall, as
prospective mediators of the microbiota-gut-brain axis, indoles play a critical role in extenuating neurological
disease. However, further investigation could be conducted to enable a comprehensive understanding of

potential mechanisms for CTF against cognitive dysfunction.

5. Limitations and future prospects

While our study demonstrates some evidence supporting the potential of CTF in daily healthcare and
clinical applications regarding its cognitive improvement effect, several limitations should be acknowledged.
A notable limitation of this study is that antibiotics may impair the absorption and bioavailability of CTF
extract. As Luo et al. (2024) demonstrated, broad-spectrum antibiotics disrupt gut microbiota, inhibiting
[-glucosidase activity critical for converting flavonoid glycosides (e.g., curcumin) in the extract into
absorbable aglycones. Liu et al. (2019) found antibiotics interference reduces plasma exposure of herbal
components by 16.9%—-50.9% and indicated a potential clinical drug-drug interaction (DDI) when herbal
components were administered with broad-spectrum antibiotics. Therefore, future research should exclude the
impact of antibiotic administration reducing the absorption and bioavailability of active ingredients in CTF,
which leads to a decrease in pharmacological activity. Additionally, in our experiment, CTF was preventively
administered to HFFD-fed mice. Due to the unclear pathogenesis of HFFD-induced cognitive impairment, it is
still unclear whether CTF alleviates cognitive impairment by blocking HFFD-induced metabolism disorders
or simultaneously alleviates glucolipid metabolism disorders and cognitive impairment. Therefore, the
therapeutic effect of CTF should be evaluated in the future to eliminate the possibility that CTF may prevent
cognitive impairment by firstly addressing lipid metabolism disorders. Furthermore, although quantitative
analysis of CTF components identified marein as a major polyphenol, whether this specific compound is
essential for preventing HFFD-induced diseases requires further clarification. Additionally, From the
microbiota—gut—brain axis perspective, the mechanisms by which gut microbiota and diet-associated TRY's
influence neuroinflammation and cognitive impairment remain unclear. Elucidating the specific molecular
targets of CTF action also presents an ongoing challenge. Moreover, further research is essential to clarify the

role of gut microbiota in CTF-mediated cognitive improvement observed in animal studies, including fecal
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microbiota transplantation, single bacterium colonization assessment (specific bacterial strains), further
functional verification of alone administration of ILA or ICA in vivo, toxicological testing, and controlled

human intervention trials.

6. Conclusion

In summary, this investigation provides novel insights into the phytochemical composition and gut—brain
regulatory potential of CTF. The dietary supplementation of CTF could effectively improve HFFD-induced
impairments in spatial learning and memory, accompanied by enhanced synaptic plasticity and increased
BDNF expression in the hippocampus. These beneficial effects appear to be mediated, at least in part, through
modulating gut microbiota and Try metabolism. Specifically, CTF treatment alleviated gut dysbiosis and Try
metabolic disturbances, with Roseburia and Colidextribacter identified as potentially beneficial taxa, and
indole derivatives such as ILA and ICA emerging as key neuroactive metabolites. However, the mechanism
by which specific genes alter the gut microbiota and metabolites is unclear, and future studies are needed. Our
study demonstrated that CTF promises to be a potential nutritional therapy for addressing HFFD-educed
cognitive dysfunction, which provides a rationale for further application of edible CTF for preventing and

alleviating neurodegenerative diseases in humans.
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