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Abstract

Huangjing (Polygonatum sibiricum) is a traditional Chinese medicinal herb, and Huangjing Fu tea (HJFT) is an innovative Fu tea (FT) product made of raw dark
tea and Huangjing extract through the traditional 'flowering' technique. It not only enriches the flavor of FT but also promotes the development of
functional tea beverages with potential health benefits. However, the metabolite profile and underlying physiological activities of HJFT remain unclear.
Untargeted metabolomics was employed to compare the chemical compositions of FT and HJFT in this study. PCA and OPLS-DA indicated that a total of 49
differential metabolites were identified between FT and HJFT. These compounds predominantly belonged to the categories of lipid molecules,
phenylpropanoids and polyketides, and organic oxides. KEGG pathway analysis revealed that these metabolites were mainly enriched in lipid metabolism
absorption, substance synthesis, and hypoglycemic detoxification anti-inflammatory pathways. Besides, metabolite-target network analysis prediction of
the 22 upregulated metabolites in HJFT suggested that DM15, DM2, DM17, and DM18 were the core compounds acting on multiple targets and signaling
pathways. Furthermore, an integrated disease-target-metabolite network indicated that sterols and terpenoid derivatives, especially 6-
deoxohomodolichosterone, might possess the most prominent potential efficacy in the management of type 2 diabetes mellitus (T2DM). This study
revealed the comprehensive metabolism and network pharmacological characterization of HJFT, and highlighted its dual properties both as a daily
beverage and a potential functional substance. These findings may offer a scientific foundation for the further development and commercialization of HJFT,
and serve as a model for research on other dual-property functional beverages.
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Introduction

As a type of post-fermentation dark tea with a long history, Fu tea
has become a research hotspot due to its special beneficial fungus,
Eurotium cristatum (also called 'Golden Flower', 'Jin Hua' in Chinese),
produced during the crucial process of 'flowering'"2 and its associ-
ated health benefits. The 'flowering' process, also known as the
'golden flower' formation period, directly determines the unique
flavor, quality, and health benefits of Fu tea. It takes approximately
10-15 d under controlled temperature (25-30 °C) and humidity
(75%—-85%) conditions for the golden-brown cleistothecia to grow
inside the tea. During this process, the extracellular enzymes
secreted by E. cristatum catalyze the oxidative polymerization of tea
polyphenols!’Z, reducing the content of astringent catechin compo-
nents to mellow the taste of the tea. At the same time, many
substances such as tea polyphenols, amino acids, carbohydrates,
and cellulose, undergo complex transformations like oxidation,
hydrolysis, and polymerization. As a result, cellulose is decom-
posed into soluble sugars, and amino acids react with carbohy-
drates, transforming into aromatic compounds!¥, enhancing the
sweet taste of Fu tea. Rich bioactive secondary metabolites were

© The Author(s)

also produced, such as indole alkaloids and ferulic acid®®. These
substances have distinct health benefits, including weight lossb],
aiding digestion, lowering lipids, regulating blood sugar, improving
gastrointestinal function, inhibiting cancer cell growth, and antioxi-
dant effectsfl.,

Huangjing (Polygonatum sibiricum), a traditional Chinese medici-
nal herb with both edible and medicinal values, contains multiple
bioactive components, including steroidal saponins, polysaccha-
rides, and flavonoids!” 8., It is known for its role in replenishing gi and
nourishing yin, antioxidation and anti-aging activities, immunity
modulation, and regulation of blood glucose and blood lipid
levels8-121, Recently, with the growing market of functional tea
beverages!3), blended products of Huangjing Fu tea have
emerged!'4'%], which may enhance the health benefits through
component interaction. Nevertheless, the bioactive components
and the potential pharmacological effects during the 'flowering'
process of HJFT remain unclear.

To systematically analyze different metabolite compounds
between HJFT and FT, untargeted metabolomics was utilized to
identify metabolites through database matching (e.g., HMDB),
followed by bioinformatics analysis to screen out key differential

www.maxapress.com/bpr


mailto:anchuanjing@cdmc.edu.cn
mailto:xiao_xiao@scu.edu.cn
mailto:345756067@qq.com
mailto:yuefanggao@nwafu.edu.cn
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
mailto:anchuanjing@cdmc.edu.cn
mailto:xiao_xiao@scu.edu.cn
mailto:345756067@qq.com
mailto:yuefanggao@nwafu.edu.cn
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
https://doi.org/10.48130/bpr-0026-0017
http://www.maxapress.com/bpr

Beverage Plant
Research

metabolites and reveal the metabolite pathways. Network pharma-
cology analysis was applied to construct multi-dimensional
association networks to link metabolite targets with six disease
targets, revealing the potential theoretical basis for predicting the
effects of HJFT on metabolite profile and health. The findings indi-
cated that in HJFT, lipids and organic oxide metabolites were
increased, which may affect neurotransmitter receptor activity, the
immune system, and vascular function through multi-target and
multi-pathway interactions. Notably, a high coincidence was
screened between gene targets associated with HJFT metabolites
and T2DM, indicating the significant potential of HJFT in the preven-
tion and treatment of diabetes. This study not only provides a theo-
retical basis for the functional properties of HJFT, but also offers
guidance for the development of new functional tea beverages.

Materials and methods

Preparation of tea samples

Huangjing Fu tea (HJFT) and the control Fu tea (FT) were
produced by Jingyang Fu tea Research and Development Center
(Jingyang, Shaanxi Province, China). The Huangjing (P. sibiricum)
used in the experiment was produced through a process of nine
steaming and nine sun-drying methods!'¢l. The raw dark tea used in
this study was the first-grade samples from Shaanxi Province, China.

The preparation of HJFT is as follows. First, Huangjing was soaked
in 50 °C water for 3 h to obtain the Huangjing water extraction. This
extract was mixed to make raw dark tea, and the moisture content
of the mixture was adjusted to 30%. Afterwards, the mixed material
was steam-heated and piled up at 50—60 °C for 12 h, then pressed
into tea bricks after re-steaming. When the tea bricks were cooled to
room temperature, they were transferred to a flowering room at a
temperature of 24—28 °C and relative humidity of 65%—85%. After
12-15 d, the interiors of the tea bricks were filled with cleistothecia
of E. cristatum, indicating the completion of the flowering process.
Subsequently, the tea bricks were gradually dried at increasing
temperatures from 30 °C to 45 °C, and the final product, HJFT, was
obtained.

As for the control sample FT, the same raw materials were
processed in the same way as HJFT under the same conditions,
except that pure water was added instead of the Huangjing extract
to adjust the tea base moisture before the steaming step. The exper-
iment was repeated three times and named HJFT1 to HJFT3, and FT1
to FT3, respectively.

Experimental method
Sensory evaluation

According to Chinese National Standard GB/T 23776—2018
Methodology for the sensory evaluation of tea, sensory evaluation
was performed on the FT and the HJFT samples. Five-gram samples
of tea were weighed and placed in evaluation cups, then infused
with boiling water at 100 °C for 5 min. The tea infusion was subse-
quently poured into different evaluation bowls for assessment.
Three key aroma components were identified, including baked,
woody, and mushroom-like, as well as two key taste components,
including mellow and thick, and smooth. A 10-point categorical
scale was adopted to score the intensity of each aroma and taste
attribute (0 = no perception, 5 = moderate perception, 10 = strong
perception). The scores were calculated and visualized using a radar
chart.
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LC-MS analysis
Solid samples

Liquid Chromatography-Mass Spectrometry (LC-MS) was used to
accurately identify and quantify metabolite components in HJFT
and FT. Briefly, 500 puL of 80% ice-cold methanol (LC-MS grade,
Honeywell) was added to an Eppendorf tube with 50 mg of the
samples, and mixed thoroughly. After incubation at —20 °C for
30 min, the extracts were centrifuged at 20,000 g for 15 min, and the
supernatants were transferred into new tubes for freeze drying. The
dried residues were redissolved with 100 uL 80% methanol (LC-MS
grade, Honeywell), and centrifuged at 20,000 g for 15 min again,
then transferred to the sample bottles and stored at —80 °C. In addi-
tion, pooled QC samples were also prepared by combining 10 pL
aliquots from each extraction.

Liquid chromatography and mass spectrometry conditions

Thermo Scientific UltiMate 3000 HPLC ultra-high performance
liquid chromatography (Thermo Fisher Scientific, Bremen,
Germany), combined with Exactive high-resolution mass spectrome-
ter (Thermo Scientific) were used for analysis. An ACQUITY UPLC T3
column (10 mm X 2.1 mm, 1.8 um, Waters, UK) was used for chro-
matographic separation. The mobile phase consisted of A: Aqueous
phase including 5 mmol/L ammonium acetate and 5 mm/L acetic
acid, and B: Organic phase, LS-MS grade acetonitrile. The column
temperature was maintained at 40 °C, and the flow rate was
0.3 mL/min with the following gradient: 0—0.5 min, 5% B; 0.5—-7 min,
5%—100%B;7-8min, 100%B;8—8.1 min, 100%—-5%B;8.1-10min,5%B.

The Q-Exactive detection was performed in both positive and
negative ion modes for each sample. Precursor spectra (70-
1,050 m/z) were collected at 70,000 resolutions to hit an AGC target
of 3e6. The maximum injection time was set to 100 ms. Data-
dependent acquisition (DDA) mode was used, and the top three
most intense ions were selected for fragmentation. The fragment
spectra were collected at 17,500 resolutions with an AGC target of
1e5 and a maximum injection time of 80 ms. In order to evaluate the
stability of the LC-MS during the whole acquisition, a quality control
(QC) sample (pool of all samples) was injected after every 10 experi-
mental samples.

Metabolite identification

In order to facilitate the subsequent work, the results generated
by LC-MS were optimized. Peak extraction and quality control were
performed using XCMS2 software, and the extracted substances
were annotated with sum formula ions using the CAMERA package.
Quantification, identification, and statistical analysis of metabolites
were performed using metaX software (v2.1.0), such as primary mass
spectrometry information for database matching identification, and
secondary mass spectrometry information matched with an in-
house standard database for identification. The identified metabo-
lites were annotated with metabolites using HMDB 5.0, KEGG 112.0,
and other databases. At last, differential metabolites were filtered
based on the thresholds of p value < 0.05 and VIP =1 and FC > 2, or
FC < 0.5, respectively. GO and KEGG enrichment analysis of differen-
tial metabolites was performed using Metascape (http://metascape.
org)l'7l. Metware Cloud (https://cloud.metware.cn) was used to
generate volcano plots, heatmaps, and OPLS-DA models.

Network pharmacology analysis

Network pharmacology analysis was used to further identify the
active metabolites and predict the physiological activity effects of
HJFT. The significantly upregulated compounds of the differential
metabolites were selected as candidate active compounds. The
putative targets of the compounds were predicted using PubChem
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(https://pubchem.ncbi.nlm.nih.gov) and Swiss Target Prediction
(www.swisstargetprediction.ch/index.php) (species set to 'Homo
sapiens', probability > 0). GeneCards (www.genecards.org) (using
the median relevance score as the cutoff) was used to predict
disease targets. The network pharmacology was visualized using
Cytoscape 3.10. Further, functional enrichment analysis of the
targets was performed by GO biological process (BP), cell compo-
nents (CC), molecular function (MF), and KEGG enrichment analysis
using Metascape.

Statistical analysis

To intuitively and systematically present the data, Excel 2020 was
used to process the data, including statistical processing such as
threshold screening, metabolite classification statistics, and network
pharmacological target statistics. Charts were drawn by Metware
Cloud (https://cloud.metware.cn), Cytoscape3.10, and Photoshop.

Results and discussion

Sensory quality analysis

Sensory evaluation was conducted to investigate the flavor differ-
ence between FT and HJFT products. Changes in the soup color of
the two samples are shown in Fig. 1a. Overall, no obvious variation
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in color was observed. However, the soup color of HJFT was slightly
more orange-yellow than that of FT. To systematically characterize
the aroma profiles of FT and HJFT, three key aroma factors (baked,
woody, and mushroom-like), and two key taste factors (mellow and
thick, and smooth) were established based on sensory evaluation
consensus, with their aroma intensities presented in the radar chart
of Fig. Tb. FT was produced via traditional pile fermentation and
flowering, resulting in a prominent mushroom-like aroma. In
contrast, HJFT exhibited an intense baked aroma derived from the
nine steaming and nine sun-drying processes of Huangjing.
Although its mushroom-like aroma was retained, the intensity was
reduced. As for the flavor, HJFT tasted mellower, thicker, and
smoother than FT.

Characteristic components in FT and HJFT by LC-
MS
PCA and OPLS-DA analysis

Untargeted metabolomics based on LC-MS was utilized to investi-
gate the differential metabolites between FT and HJFT. Principal
component analysis (PCA) was applied to the metabolite detection
results of each tea group and the QC group. The first two principal
components collectively explained 51.49% of the total variance,
with PC1 and PC2 accounting for 33.69% and 17.80%, respectively
(Fig. 2a). The PCA analysis plot revealed the separation between the

Smooth

W HJFT
BFT

9
8
‘ Mellow and thick

Baked

Fig. 1 Sensory evaluation correlation diagram. (a) FT and HJFT samples and the brewed tea infusion; (b) radar chart of FT and HJFT aroma intensity and

taste characteristics.
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Fig. 2 PCA and OPLS-DA analysis. (a) PCA analysis plot; (b) OPLS-DA model of differential metabolites.
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HJFT and FT groups, with minimal dispersion among the biological
replicates. All biological replicates were within the 95% confidence
ellipse, demonstrating the reliability of the experimental data and
providing a foundation for subsequent screening.

OPLS-DA is a supervised discriminant analysis method that maxi-
mizes the differences between different groups, thereby better
revealing the significant differences in the material components of
FT and HJFT. In the OPLS-DA (Fig. 2b), Q? = 0.825, p < 0.005; R?Y =1,
p < 0.005, conform to Q2 > 0.5, R2Y > 0.5 and p < 0.05, indicating a
valid and predictive model. Collectively, the model demonstrates
interpretability and acceptable predictability.

The major chemical components of FT and HJFT

To accurately identify the differential metabolites between FT and
HJFT, untargeted metabolomics was employed. Among the initially
identified metabolites, Class | was classified into 12 categories,
predominantly including lipids and lipid-like molecules, phenyl-
propanoids and polyketides, organ heterocyclic compounds,
benzenoids, organic acids and derivatives, and organic oxygen
compounds. Class Il was classified into 100 categories. The above-
mentioned overall metabolites were screened based on the thresh-
old (p value < 0.05, VIP value 21, and FC > 2, or FC < 0.5), and 867
metabolites were identified. After excluding unclassified metabo-
lites (unmatched secondary classification substances), 49 differen-
tial metabolites were obtained, with six categories of Class I (Fig. 3,
inside ring) and 12 categories of Class Il (Fig. 3, outside ring).
Compared to FT, lipids increased during the flowering process of
HJFT, among which glycolipid content showed a significant
increase, while organic oxygen compounds exhibited a slight
increase, which might be related to the presence of Polygonatum
sibiricum polysaccharide (PSP)7:161, Class | (inner circle) was classified
in a broad and extensive manner, while Class Il (outer circle) was
further divided within the scope of Class I. To make a more precise
and specific distinction of substances, Class Il was selected as the
main research object in the subsequent study.

Correlation analysis of differential metabolites
To identify the key differential components between HJFT and FT,
metabolites were screened in both positive and negative ion modes

The metabolites and physiological activity of HIFT

using thresholds, p value < 0.05, VIP =1, and FC > 2, or FC < 0.5. In
the negative ion mode, a total of 25 differential metabolites were
identified, including 24 upregulated metabolites and 1 downregu-
lated metabolite. As in the positive ion mode, a total of 24 differen-
tial metabolites were determined, including 14 upregulated
metabolites and 10 downregulated metabolites (Fig. 4a). The major
components of differential metabolites were lipids and lipid-like
molecules (including glycerophospholipids, glycerolipids, fatty
acyls, prenol lipids, sterol lipids, sphingolipids), nucleosides,
nucleotides and analogues, benzene and substituted derivatives,
organic acids and their derivatives (such as carboxylic acids and
derivatives), organic heterocyclic compounds (e.g., tetrapyrroles and
derivatives, indoles and derivatives, pyridines and derivatives), and
organic oxygen compounds (Fig. 4b). The detailed information of
49 differential metabolites of FT and HJFT were shown in Supple-
mentary Table S1.

KEGG pathway enrichment analysis

To further elucidate the functional roles and pathways of the
metabolites, 49 different metabolites were subjected to KEGG path-
way enrichment analysis('8! (Fig. 5). A total of 40 pathways covering
26 metabolites were identified, mainly associated with organismal
systems, metabolism, human diseases, environmental information
processing, and cellular processes. The key biological functions
included lipid metabolism absorption, substance synthesis, hypo-
glycemic detoxification, and anti-inflammatory cellular immune
responses. These pathways and biological enrichment analyses indi-
cated that the upregulated compounds in HJFT could be involved in
secondary metabolite synthesis, fragrance production, and various
physiological activity functions.

Network pharmacology analysis of key
metabolites in HJFT
Prediction of targets for active metabolites in HJFT

To further predict the physiological activities of HJFT metabolites
and their potential involvement in related diseases, PubChem and
Swiss Target Prediction were applied to predict the potential

Class |

Benzenoids ( 2.04% )
Lipids and lipid-like molecules { 87.76% )
E Nucleosides, nucleotides, and analogues ( 2.04% )
E Organic acids and derivatives ( 2.04% )
D Organic oxygen compounds ( 2.04% )
Organoheterocyclic compounds ( 4.08% )

Class Il

Benzene and substituted derivatives ( 2.04% )
Fatty Acyls ( 18.37% )

Glycerolipids ( 14.29% )
Glycerophospholipids ( 30.61% )

Prenol lipids ( 14.29% )

Sphingolipids ( 2.04% )

Sterol Lipids ( 8.16% )

Purine nucleotides ( 2.04% )

Carboxylic acids and derivatives ( 2.04% )
Organooxygen compounds ( 2.04% )
Indoles and derivatives ( 2.04% )
Pyridines and derivatives ( 2.04% )

Fig. 3 Comparison of different metabolite classes in FT and HJFT. The proportion of Class | (inner circle) and Class Il (outer circle) classifications based on

the substances after screening.
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Fig. 4 Differential metabolites of FT and HJFT. (a) Volcano gram of upregulated and downregulated metabolites; (b) clustering heatmap of differential

metabolites.

targets. Among the 38 upregulated metabolites, 16 compounds
were excluded due to a lack of predicted targets, and the remaining
22 were listed in Table 1, with their metabolite-target network
shown in Fig. 6. In this network, the red box represents the 22

Ma et al. Beverage Plant Research 2026, 6: €024

metabolites, and the light blue diamond represents the target
genes. These compounds could act on 319 target genes, among
which the metabolites of DM15, DM2, DM17, and DM18 were
connected to a greater number of target genes and exhibited the
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Fig. 5 KEGG enrichment pathway analysis includes environmental information processing channels (10%), cellular processing channels (12.5%), human
diseases channels (32.5%), organismal systems channels (15%), and metabolism channels (30%). The numbers following the bars in the figure represent

the substances contained in each pathway.

Table 1. The 22 upregulated metabolites and number matching table
(DM1-DM22).

Metabolites Number
16-Methylheptadecanoic acid DM1
Nonadeca-10(Z)-enoic acid DM2
11-Eicosenoic acid DM3
7,7-Dimethyl-(5Z,82)-eicosadienoic acid DM4
2(R)-hydroxydocosanoic acid DM5
4alpha-Carboxy-5alpha-cholesta-8-en-3beta-ol DMé6
Heliantriol C DM7
Priverogenin B DM8
22alpha-Hydroxyerythrodiol DM9
LysoPC 18:0 DM10
PA 35:3; PA (17:0/18:3) DM11
PG 32:1; PG (16:0/16:1) DM12
PG 34:2; PG (16:0/18:2) DM13
PG 34:2; PG (16:1/18:1) DM14
8(9)-Epoxy-5Z,11Z,14Z-eicosatrienoic acid, methyl ester DM15
Betulin DM16
2-Deoxycastasterone DM17
6-Deoxohomodolichosterone DM18
1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine DM19
3-cis-Hydroxy-b, e-Caroten-3'-one DM20
PE (22:4(72,10Z,13Z,16Z)/20:5(5Z,8Z,11Z,14Z,17Z)) DM21
DGDG 36:6; DGDG (18:3/18:3) DM22

highest connectivity. They collectively constituted the key regula-
tory nodes within the HJFT pharmacological network, suggesting
they may play synergistic roles in the regulation of related diseases.
Notably, DM18 (6-deoxohomodolichosterone) was identified as
having the highest number of predicted target genes, mainly includ-
ing PARP1, HMGCR, NPCI1L1, PPARG, CYP19A1, JAK3, OPRM1, PTGSI,
etc. As a steroidal compound, 6-deoxohomodolichosterone and
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its analogues are mainly involved in plant hormone regulation
or play physiological roles as secondary metabolites!'l. It may
also have potential anti-inflammatory, immune, or metabolic
regulation-related activities?), indicating DM18 may have signifi-
cant potential for disease modulation.

Construction and analysis of the disease-target network

To further predict the physiological functions of HJFT and eluci-
date the regulatory relationship and synergistic effects between
metabolite targets and disease targets, a disease-target network
was constructed. The predicted disease keywords for screening in
the simulated network were determined based on the main effects
and research of FT and Huangjing, including 'anti-oxidant'l21.22],
'hypertension (HTN)'23], 'anti-obesity''22425], 'type 2 diabetes melli-
tus (T2DM)'26-28] 'metabolic syndrome (MS)'™], and ‘tumor
(TNM)®291 to screen the GeneCards database (https://auth.
lifemapsc.com). The median relevance score was used as the cutoff
for the results. Venn diagrams were utilized to visualize the overlap
between the predicted targets of 22 upregulated metabolites in
HJFT and the predicted target genes associated with the six diseases
mentioned earlier. As shown in Supplementary Fig. S1, T2DM shared
the highest number of overlap genes (101 genes), suggesting the
broadest regulatory effects on this condition (Supplementary Fig.
S1d). In contrast, HTN showed the least number of overlapping
genes (32 genes) among the six diseases, reflecting the distinct
distributions of disease-specific targets (Supplementary Fig. S1b). A
multi-set Venn diagram (Fig. 7a) was then employed to integrate
these intersections and identify potential target genes for the over-
lap of HJFT metabolites and six diseases. One candidate target gene,
PPARG (Peroxisome proliferator-activated receptor gamma),
common to all six diseases, was identified in the HJFT metabolite
(central area, Fig. 7a). PPARG is one of the three members of the
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Fig. 6 Metabolite-target network analysis. The red box represents metabolites; the light blue diamond represents the target genes.

PPAR family, which has direct or indirect effects on six different
diseases. It is the main gene that could induce the differentiation of
adipocytes, enhance insulin sensitivity, regulate adipocyte differen-
tiation, inhibit the cell cycle process, coordinate the systemic anti-
inflammatory, and exert anti-oxidant responses, thus regarded as a
tumor suppressor factor in oncology3%3', In addition, the shared
target genes varied among different diseases. For example, T2DM
had nine common target genes with MS, three common target
genes with anti-obesity, two common target genes with HTN, and
seven common target genes with TNM. These findings indicate that
there are complex functional gene networks and potential mecha-
nisms between metabolites in HJFT and diseases.

Furthermore, focusing on the disease-related target genes identi-
fied in Fig. 7a, a disease-target association network was developed.
As shown in Fig. 7b, a purple oval represents the disease, and the
connected target genes were categorized into two types: light blue
nodes represent multi-disease (two or more) associated targets, and
the remaining nodes represent single disease-specific targets. This
network visually demonstrates the commonality and specificity of
target genes across the six diseases. For example, T2DM was the
disease with the most (101) overlapping screened gene targets.

By intersecting the genes obtained from the six diseases with the
genes of the upregulated substances, and then performing a cross-
match on the resulting intersection genes, a disease gene associa-
tion diagram can be obtained. Violet nodes are for disease, lake blue
nodes are marked as targets that can act on two or more diseases,
while other nodes are targets of a single disease.

Integrated metabolite-target-disease network

Based on an integrated network pharmacology strategy designed
to further reveal and predict the synergistic regulatory potential of
HJFT metabolites, a global metabolite-target-disease three-layer
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interaction network was constructed. This network was established
by integrating the metabolite-target network (Fig. 6) with the
disease-target networks (Fig. 7). The metabolite nodes were
arranged counterclockwise, while the disease nodes were arranged
clockwise, both in descending order of node degree value. Follow-
ing an intersection analysis of the 22 metabolite targets and disease
targets, one metabolite was found to have no matching disease
genes, and the remaining metabolites and associated diseases were
mapped using Cytoscape3.10 to generate the final interaction
network (Fig. 8a). The results indicated that specific metabolites,
including nonadeca-10(Z)-enoic acid (DM2), 11-eicosenoic acid
(DM3), 4alpha-carboxy-5alpha-cholesta-8-en-3beta-ol (DM6), 2-
deoxycastasterone (DM17), 6-deoxohomodolichosterone (DM18),
7,7-dimethyl-(5Z,82)-eicosadienoic acid (DM4), 22alpha-hydroxyery-
throdiol (DM9), 16-methylheptadecanoic acid (DM1), and heliantriol
C (DM7) might play a therapeutic role in MS and anti obesity. These
effects could be mediated through key target genes, such as
CYP19A1, AR, PPARD, FABP4, and HMGCR. Notably, T2DM exhibited
the highest degree of overlapping target coverage, suggesting that
the prevention and treatment of T2DM could be the most signifi-
cant activity for HJFT. Therefore, Fig. 8a systematically exhibited the
core roles of HJFT metabolites in the disease regulation network of
MS and T2DM, providing the evidence and prediction framework for
understanding its systemic pharmacological function.

GO function and KEGG pathway enrichment analysis

To further predict the biological function of HJFT metabolites, GO
enrichment and KEGG pathwayBZ enrichment analyses were
performed using the targets of 22 upregulated metabolites through
Metascape (http://metascape.org)l'’l. The top 10 pathways with
the highest proportion and the lowest p-values were analyzed,
with the top five classes displayed (Fig 8b). The target genes were
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significantly enriched in signaling pathways such as neuroactive
ligand-receptor interactions, pathways in cancer, MAPK signaling
pathways, as well as others related to inflammatory immunity and
anti-atherosclerosis (e.g., EGFR tyrosine kinase inhibitor resistance,
inflammatory mediator regulation of TRP channels, PPAR signaling
pathway, etc.). In terms of BP, the target genes were mainly enriched
in cellular responses to hormone stimulus; regulation of hormone
levels, system processes, MAPK cascades, and positive regulation of
locomotion for biological processes. CC were primarily enriched in

Page8of 11

receptor complexes, postsynapse, the side of the membrane, the
neuronal cell body, and the membrane raft. The stimulating target
genes were enriched in MF, including enzyme activity of various
types, receptor activity, and compound binding. Network pharma-
cology simulation analysis demonstrated the multi-target,
multi-pathway, and multi-functional characteristics of the main
upregulated metabolites from HJFT, which may play a potential
functional role in regulating neurotransmitter receptor activity,
diabetes, the immune system, and vascular function.
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Discussion

This study analyzed the differential metabolites of HJFT and FT,
and found that the lipid class, including MGDG, DGDG, and PA
linked to aroma formation were significantly increased in HJFT.
Elevated DGDG and PA indicated oxidative degradation during the
‘flowering' process. At the same time, the increase of AcylGIcADG,
presented as a key lipid in probiotic outer vesicles, significantly
promoted the growth of E. cristatum during the 'flowering' process.
Besides, an increase in the content of sterols (2-deoxycastasterone,
6-deoxohomodolichosterone) was found, which are normally used
in clinical prevention and treatment of coronary artery atherosclerosis
and other heart diseases!?3], with anti-inflammatory, cholesterolreg-
ulatory, and cardiovascular protective effects on the human bodyB34.
Furthermore, among the differential metabolites, 3-cis-Hydroxy-b,
and e-Caroten-3'-one, a class of carotene derivative, was found to be
one of the characteristic products of the metabolic transformation
of carotenoids in FT by E. cristatum!3536l, It was actually formed by
the degradation of carotenoids during the flowering process,
together with a water-soluble colored product formed by the partial
oxidation and polymerization of tea polyphenols. The two products
reacted with unoxidized amino acids and flavonoids, and finally
formed the typical leaf color and orange-yellow soup color of Fu
teal4. In addition, betulin and priverogenin B, both belonging to
the terpene/steroid substance group, as well as steroid saponins,
the core active component of Huangjing, were increased probably
because of the addition of Huangjing[''16l. These substances have
been proven to have certain pharmacological activities in anti-
inflammation, virus inhibition, anti-aging, and oxidation (especially
in skin repair)[&37,

Obesity and metabolic disease, hypertension, and T2DM have
gradually emerged as major global public health issues8l,
Huangjing and FT, respectively, have pharmacological
effectsl>1224.39401 against such diseases. In this study, network phar-
macology identified T2DM as the disease with the highest number
of overlapping gene targets, indicating HJFT may have a potential
function in anti-diabetic prevention or treatment. According to the
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analysis results on the key pathways, including MAPK, AGE-RAGE
(diabetic complications), GnRH, and cAMP signaling (anti-diabetic),
the activation of the AGE-RAGE signaling pathway was particularly
noteworthy, as the tocotrienol fraction in palm oil has been proven
to be able to improve plasma redox imbalance and AGE-RAGE acti-
vation in high-fat diet ratsl*'l. Other related pathways, including
glycerolipid, glycerophospholipid metabolism, and secondary
metabolite, which mostly cover the degradation of phospholipids
(such as PG, PE, etc.), and the hydrolysis and oxidation of glycerides
(such as MGDG, DGDG, etc.), contributed to the Fu tea characteristic
mushroom flavour3542431, The enriched pathways, including brassi-
nosteroid biosynthesis, glycosylphosphatidylinositol (GPI)-anchor
biosynthesis, fat digestion and absorption, and insulin resistance,
were generally considered to be associated with the treatment of
obesity and diabetes!*, and the efficiency has been verified in
multiple studies in which T2DM in obese mice was treated with Fu
brick teal26l. The main mechanism of obesity alleviation!*?) was by
remodeling gut microbiota and regulating gut metabolites(>2426l,
Polygonatum sibiricum polysaccharide (PSP) has been confirmed to
exert anti-aging effects through the sphingolipid signaling
pathway®], glycerophospholipid and tryptophan metabolism, as
well as modulating diabetic osteoporosis via sphingolipid
signaling®®l. Other metabolic pathways related to human diseases
include Kaposi sarcoma-associated herpes virus infections, path-
ways in cancer, Salmonella infection, leishmaniasis, choline
metabolism in cancer, tuberculosis, and pathogenic Escherichia coli
infection.

Currently, Huangjing composites have been widely applied in
wines['¥, beverages, cosmetics, and feeds!'%. Compared to FT, HJFT
demonstrates richer processing-related substance metabolism,
thereby enhancing the aroma and flavor of the tea, as well as the
biological and pharmacological activities. However, in this study, the
pharmacological properties of HJFT were predicted solely through
simulation calculations and analysis; the utilization rate of active
compounds in HJFT remains limited. In the future, it is necessary to
validate these specific functional bioactive metabolites and conduct
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relevant in vivo and in vitro experiments to verify their efficacy in
order to promote the application of innovative Fu tea products and
HJFT in the beverage and health fields.

Conclusions

A total of 49 different metabolites were identified based on the
UHPLC-Q-TOF-MS/MS and non-targeted metabolomics analysis.
These metabolites were primarily classified into six categories,
mainly including lipids and lipid-like molecules, organ heterocyclic
compounds, and organic oxygen compounds. Meanwhile, Class I
was divided into 12 categories, mainly containing glycerophospho-
lipids, fatty acyls, sterol lipids, organooxygen compounds, and
sphingolipidoses. Compared to FT, lipid components such as MGDG,
DGDG, and PA were significantly enhanced in HJFT. Meanwhile,
HJFT was rich in sterols such as 6-deoxohomodolichosterone and
terpenoid derivatives. The integrated network pharmacology analy-
sis predictively indicated that sterols and terpenoid derivatives,
which were upregulated in HJFT, exerted effectiveness in hyperten-
sion control, T2DM treatment, anti-inflammatory, and anti-oxidant
activities primarily via the AGE-RAGE and MAPK signaling pathways.
Notably, these metabolites exhibited the most overlapping targets
for T2DM, predicting their most prominent potential efficacy in
T2DM. These findings elucidate the potential physiological activities
of HJFT and lay a scientific basis for its further development and
utilization, which may offer valuable references and guidance for
the development of similar beverages with dual medicinal and
dietary properties.
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