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ARTICLE INFO ABSTRACT

Keywords: Fermentation is an effective means of enhancing the nutritional value of natural medicines,
Paeonia lactiflora root however, it is unclear how the metabolites changed during the fermentation of Paeonia lactiflora
Fermentation

root (PLR). This study intends to elucidate how the active constituents and antioxidant activity of
PLR change during fermentation. The study examined the levels of total glucosides of paeony
(TGP), total flavonoids content (TFC), total phenols content (TPC), and antioxidant capability by
high performance liquid chromatography (HPLC) and spectrophotometry. The chemical compo-
sitions before and after PLR fermentation were compared utilizing ultra-high performance liquid
chromatography-mass spectrometry (UHPLC - MS). The findings from this study indicate that
TGP, TFC and TPC peaked at Day 2 of fermentation, and the antioxidant capacity increased after
fermentation. Of the 109 detected compounds, 18 were discrepant compounds. In summary,
fermentation is an essential strategy for enhancing the functional activity of PLR. The current
study could establish a scientific basis for future research on the fermentation of PLR, and pro-
vides new insights into the influence of fermentation on chemical composition as well as the
antioxidant activity of drugs.

UHPLC-ESI-Q-Orbitrap-MS
Differential metabolites analysis

1. Introduction

Paeonia lactiflora Root (PLR) has been prescribed in traditional Chinese medicine for medicinal prescriptions, and has excellent
pharmacological effects and nutritional value [1]. The most important active substances in PLR are monoterpene glycosides, mainly
including paeoniflorin, albiflorin, hydroxypaeoniflorin, and benzoylpaeoniflorin, which are generally referred to as total glucosides of
paeony (TGP) [2], and are also rich in flavonoids, polyphenols and other active ingredients [3]. Therefore, PLR demonstrates
exceptional antioxidant properties and is frequently utilized in treating conditions associated with oxidative stress, including arthritis,
pneumonia, and fever [4,5]. However, the wild resources of Paeonia lactiflora have been seriously damaged, and the product have been
cultivated for a long time. Thus, finding a method that can effectively enhance the content of the active components and the anti-
oxidant capacity of PLR has become an important topic of the current research.

Microbial fermentation is one of the most commonly used methods for processing natural drugs. During the fermentation process,
microorganisms can destroy the cell wall through enzymes such as cellulases and pectinases, which help to dissolve the active in-
gredients, and convert components including glycosides, phenolic acids, proteins into bioactive metabolites through glycosyl
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hydrolases, phenolic acid decarboxylases, and reductases, respectively, to enhance the pharmacological activity and nutritional value
of the natural medicines [6,7]. In addition, during fermentation microorganisms produce enzymes with antioxidant activity such as
superoxide dismutase and catalase, which can further enhance the antioxidant activity of natural medicines [8], making fermentation
an ideal method for the treatment of natural medicines.

Fermentation is a complex process in which the chemical composition of the fermentation substrate changes considerably under the
metabolic influence of the applied strain. Analyses of individual components often fail to fully interpret such changes [9]. Metab-
olomics offers a thorough examination of metabolites, especially of those that are undetectable using traditional techniques such as
UV, as well as enable their identification and quantification [10]. Metabolomics technology has been used to examine the impact of
fermentation strains, fermentation time, and raw materials on metabolites in fermented natural drugs and foods.

In this study, Saccharomycopsis fibuligera was selected for the fermentation of PLR. Metabolomics technology was applied to
determine the compositional changes in small molecule compounds in PLR, identify the possible mechanism of action of microbial
fermentation on the biotransformation of PLR, and explore the antioxidant effects of the fermented material. This research will provide
actual data to support the development and application of PLR products derived from fermentation.

2. Materials and methods
2.1. Chemical reagents

The highly active and high cellulase-producing strain Saccharomycopsis fibuligera Y2 was obtained through the selection process
from the original strain Saccharomycopsis fibuligera (CGMCC:2.5608) in our laboratory, Glucose (Tianjin Beifang Tianmedical Chemical
Reagent Factory), Peptone (Beijing Aoboxing Biotechnology Limited Liability Company), Yeast Extract (OXOID, UK), anhydrous
ethanol, potassium dihydrogen phosphate, acetic acid, isopropanol, 1,1-diphenyl-2- picrylhydrazyl (DPPH), sodium hydroxide, hy-
drochloric acid, salicylic acid, ferrous sulfate, sodium dihydrogen phosphate, hydrogen peroxide, trichloroacetic acid, pyrogallic gallic
acid, and 2,2-Azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) were purchased from Tianjin Kaitong Chemical Reagent
(Tianjing, China), Benzoic Acid, Quercetin, Gallic Acid were purchased from Chengdu Dexter Biotechnology (Chengdu, China).

2.2. Material preparation and fermentation

Yeast culture was performed using YPD medium consisting of 1% yeast extract, 2% peptone, and 2% glucose. Saccharomycopsis
fibuligera was activated by incubating in YPD medium at 28 °C for 24h. PLR was purchased from Daxinganling, China. After drying at
50 °C, the samples were crushed, sieved, and subsequently mixed with distilled water (1:20, w/v). The mixture was then autoclaved at
121 °C for 20 min. Subsequently, 1% of Saccharomycopsis fibuligera was introduced into the mixture, which was then incubated at 28 °C
for a duration of 5 days. PLR from day 0 was taken as Paeonia lactiflora root unfermented liquid (PLR-U) for comparison. After PLR-U
and Paeonia lactiflora root fermented liquid (PLR-F) reached the incubation time, they were centrifuged (5030xg) for 10 min, filtered,
and frozen at —18 °C for assay.

2.3. Determination of active ingredients

2.3.1. Determine total glucosides of paeony

Determination of TGP content in PLR-U and PLR-F was performed by alkaline hydrolysis - HPLC [11]. HPLC analysis was conducted
using a HPLC 1260 Infinity II (Agilent Technologies, USA), and the C18 chromatographic column (250 mm x 4.6 mm, 5 pm, Elite
Analytical Instruments Co., Dalian, China) was maintained at 35 °C, with 0.05 mol L ! potassium dihydrogen phosphate-acetic acid
(350:8, mobile phase A) and methanol-isopropanol (100:6, mobile phase B) as the mobile phase with a flow rate of 0.8 mL min~}, A:B
= 70:30, and the detection wavelength utilized was set at 230 nm. Appropriate amount of fermentation broth was evaporated to
dryness, and hydrolyzed by adding 10 mL 1% NaOH solution. 0.5 mL of sample solution was added into the mobile phase to be adjusted
to 10 mL, and the sample was analyzed after passing through 0.22 pm microporous filter membrane. Peak area was quantified by
external standard method, with benzoic acid serving as the standard (Fig. S2a), and the TGP content was evaluated using the following
formula, where 480.27 is the molecular weight of paeoniflorin and 122.12 is the molecular weight of benzoic acid.

Benzoic acid content(mg) x 480.27
122.12 x crude drug dose(g)

TGP content(mg / g) =

2.3.2. Determine total flavonoid content

TFC was measured by Chen et al. method with modifications [12]. The procedure was as follows: 0.3 mL of 5% NaNO, (w/v) was
mixed with 0.5 mL of an appropriately thinned sample. After 6 min, 0.3 mL 10% AI(NO3)s (w/v) was dispensed. The sample was
reacted for an additional 6 min, and 4.0 mL of 4% NaOH (w/v) was dispensed and mixed well. The volume was fixed to the scale, and
incubated for 15 min. The wavelength for sample detection was set to 510 nm. TFC was determined using the external standard method
and by establishing standard curves (Fig. S2b), and expressed as mg-g ™! of quercetin.

2.3.3. Determine total phenolic content
The Folin-Ciocalteu colorimetric assay was performed to quantify TPC [13]. Briefly, 50 pL of the correspondingly thinned samples
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were mixed with 0.5 mL of forint-phenol solution (0.5 M) and incubated for 3 min. Subsequently, 2 mL of Nay;CO3 (10%, w/v) was
introduced into the mixture. Following calibration based on the scale, the reaction was shielded from light for a duration of 30 min. The
wavelength for sample detection was set to 765 nm. TPC was determined using the external standard method and by establishing
standard curves (Fig. S2¢), and expressed as mg-g_1 of gallic acid equivalent (GAE).

2.4. Measurement of antioxidant capacity

In this study, DPPH, ABTS, Hydroxy (OH) radical scavenging capacity, and total reducing power were used to compare the anti-
oxidant activity of PLR-U and PLR-F. DPPH and ABTS" radical scavenging capacities were determined by the method of Cirlini et al.
[14]. 2 mL of the sample was mixed with an equal amount of DPPH (0.15 mM), and the absorbance at 517 nm was measured after 0.5 h
of reaction in a light-free environment. The mathematical formula applied was as follows: Scavenging rate% = [1 - (AbSsample —
AbScontro)/Absplank] *100. For the ABTS™ assay, 1 mL of the sample is mixed with 4 mL of the ABTS* working solution and allowed to
react for 6 min in a light-free environment. The absorbance at 734 nm was measured. The mathematical formula used was as follows:
Scavenging rate% = [(Absplank - AbSsample)/Absplank] *100. A control was established using sodium phosphate buffer in place of the
DPPH or ABTS™ solution, while the sample substituted by sodium phosphate buffer as a blank. For the OH ™ scavenging capacity, 2 mL
of FeSO4 (6 mM), salicylic acid (70% ethanol solution), fermentation broth, and H20, (6 mM) were added sequentially, mixed
thoroughly and reacted at 37 °C for 30 min. Distilled water served as the control instead of salicylic acid, while it functioned as the
blank instead of the sample [15]. The absorbance was recorded at 510 nm. The mathematical formula used was as follows: Scavenging
rate% = [(AbSplank - AbSsample)/Absplani] ¥100. For the total antioxidant reduction capacity, 2 mL of fermentation broth, sodium
phosphate buffer (pH 7.2), and 10% CgFeK3Ng solution were added, reacted at 50 °C for 20 min, and 10% C,HCI30; solution was
added, then left for 10 min [16]. Centrifuge at 3000xg for 10 min, collect the supernatant, combine it with 0.4 mL of 0.1% FeCl3,
incubate for 10 min, and measure the absorbance at 700 nm. The value of absorbance reflects the strength of the total antioxidant
reduction capacity. Moreover, antioxidant potentials were expressed with the half-maximal effect concentration (EC50) and the
concentration of the sample when the absorbance reaches 0.5 in the total reducing power assay (RPg say) values. GraphPad Prism 8.0.2
was used to calculate ECsg and RPg 55y values.

2.5. Metabolomics analysis

The fermentation broth was added to the pre-cooled acetonitrile/water solution (1:1, V/V) and vortexed. After sonication at 4 °C
for 30 min, the mixed samples were centrifuged (12075xg, 4 °C) for 20 min. The liquid portion was used for metabolomics analysis.
The PLR-U and PLR-F extracts (5 pL each) were injected into a UHPLC-ESI-Q-Orbitrap-MS (UPLC, Thermo Fisher, USA) equipped with
a Thermo Fisher Science Hypersil Gold AQ C18 column (100 x 2.1 mm, 1.9 pm). The mobile phase was consisted of solvent A (water,
0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid). The mobile phase flow rate was 0.3 mL min~. The gradient program
was as follows: 0-1 min, 2% B, 1-5 min, 2%-5% B, 5-10 min, 12%-20% B, 10-12 min, 20%-30% B, 12-13 min, 30%-50% B, 13-15
min, 50%-100% B, 15-16 min, 100% B, 16-19 min, 5% B, 19-20 min, 2% B. The parameters of MS were set as follows: Sheath gas flow
rate, 30 psi, Auxiliary gas flow rate, 10 psi, Sweep gas flow rate, 0 psi, Spray voltage, 3.5 kV. Spray voltage, 3.5 kV, Capilary temp,
320 °C, Aux gas heater temp, 350 °C, Collision gas: Nitrogen, Normalized collision energies, 20, 40, 60 eV, s-lens: 60.0. In conjunction
with selected a primary mass spectrometry full scan, the secondary mass spectrometry scan mode is automatically triggered. The
primary resolution was set to 70,000 full width at half maximum (FWHM), while the secondary resolution was 17,500 FWHM. The ion
scanning range covered m/z 50-1500 with a cycle counting of 3 times. A four-stage isolation window of 1.5 m/z was utilized, and a
dynamic exclusion time of 5 s was applied. Simultaneously, quality control (QC) samples were collected after every three samples to
assess the stability of the instrument used for sample collection.

2.6. MS data analysis and statistical analysis

MS raw data were treated by Compound Discoverer 3.3 (Thermo Fisher Scientific, USA), which focuses on peaks alignment, peaks
detection, features filtering and metabolites annotation. The retention time was configured at 0.2 min, and the mass tolerance was
established at 5 ppm. A signalto-noise of 1.5 and a peak intensity threshold of 10,000 were selected for peak detection. Peaks in the
sample with more than 80% missing values were removed during data filtering. Total ion current (TIC) normalizatio was conducted to
reduce instrumental variation before statistical analysis. Metabolites were tentatively identified by matching their MS/MS data with
entries in ChemSpider, mzCloud, and internal databases. The obtained quantitative data were centralized and autoscaled using
MetaboAnalyst (https://www.metaboanalyst.ca/MetaboAnalyst), resulting in the reduction of discrimination between high-
abundance and low-abundance chromatographic peaks. Principal Component Analysis (PCA) and heatmaps were created by utiliz-
ing MetaboAnalyst and R language (Ver. 4.2.2). Differential metabolites were determined by Log>FC > 1, p < 0.05, and P-value was
adjusted for false discovery rate. The pathway information for differential metabolites was obtained from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database.

Results of the active component content and antioxidant capacity measurements are presented as mean =+ standard deviation.
Statistical Product and Service Solutions (SPSS) Ver. 16.0 was used for data analysis. An ANOVA was used to determine the statistical
significance of the differences, followed by a post hoc Tukey test. Statistically significant differences were identified for p-values less
than 0.05.
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3. Results
3.1. Active ingredient content

Trends of TGP, TFC, and TPC during fermentation process were shown in Fig. 1a, and the TGP chromatogram is shown in Fig. 1b.
The TGP and TFC of PLR-F decreased on day 1, increased on day 2 and then decreased; while TPC of PLR-F increased before day 2 and
then decreased. At the common turning points on day 2, the TGP, TFC, and TPC elevated by 43,86%, 26.38%, and 57.91%, respectively
(Fig. 1a). TPC was 28.88% higher than PLR-U at day 1, probably due to the better water solubility of polyphenols, which the accu-
mulating metabolite could be dissolved and detected in the liquid culture. All three active components increased significantly on Day
2, which may due to the fact that with the vigorous growth, the microorganisms, exhibit high metabolic activity, and various enzymes
(e.g., pectinase, cellulase, etc.) could be secreted and consumed components in the PLR, (e.g., starch, protein, pectin, etc.). This
effectively destroyed the cell wall and led to the release of the active components in PLR. As the fermentation process continued,
microbes used, destroyed, and altered the active chemicals in PLR, resulting in a decrease in their content. This phenomenon indicates
that short-term fermentation can effectively enhance the content of various active ingredients within the PLR, and reached a peak at 2
d, so day 2 samples were chosen for the subsequent antioxidant capacity and metabolomics analysis.

3.2. Antioxidant capacity

The antioxidant capacity of natural medicine relies on the presence of distinct chemicals with varying modes of action [17,18].
Therefore, we evaluated the antioxidant effects of PLR-F using four methods: DPPH, ABTS™ and OH™ scavenging capacity, as well as
the total reducing power, ECs and RPg 55y values before and after PLR fermentation were shown in Table 1 and Fig. S3. Compared to
PLR-U, PLR-F has significant lower EC50 values of DPPH, ABTS', OH™, and the RPg 55y values of total reducing power (p < 0.05). The
findings suggest that PLR-F can achieve the same antioxidant capacity at a lower concentration than PLR-U. The study found that
PLR-F has a stronger antioxidant potential than PLR-U.

3.3. Metabolomics analysis

To explore fermentation changes, we applied non-targeted metabolomics on PLR-U and PLR-F (fermented for 2 days). Total ion
chromatography (TIC) of PLR-U and PLR-F were shown in Supplementary Fig. 1. The TIC plot indicated notable variations in the
metabolites of samples pre- and post-fermentation.

A total of 109 metabolites were discovered in the investigation, with 62 found in positive mode and 47 in negative mode (Sup-
plementary Table 1). Fig. 2 shows heatmaps and related pie charts for these metabolites to help visualize their content and catego-
rization. It includes 16 terpenoids, 13 amino acids and their derivatives, 14 phenolic, 24 flavonoids, 10 sugars, 15 organic acids, 9 fatty
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Fig. 1. Changes in active ingredient content of PLR during the fermentation process. (a) Changes in PLR active ingredient content during
fermentation process (n = 3). Bars with distinct letters represent a statistically significant difference (p < 0.05). (b) The chromatogram of PLR during
different fermentation periods.
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Table 1
ECsp values and RPg say values of PLR antioxidant capacity before and after fermentation.
Index Antioxidant activity PLR-U(pg/mL) PLR-F(pg/mL)
ECso DPPH clearance rate 25.47 + 0.38 22.22 + 0.19*
ABTS™ clearance rate 204.43 £ 0.23 60.17 + 0.11*
OH™ clearance rate 151.57 £ 7.96 74.35 + 1.59*
RPgy 50 total restoring power 66.01 + 0.87 50.56 + 0.35*

Data were present as the mean + SD (n = 3). Asterisks (*) represent the significant difference when comparing the PLR-U (p < 0.05).

acids, 6 coumarins, and 2 others. Terpenoids, flavonoids, phenolic, organic acids, amino acids, and derivatives dominate PLR me-
tabolites by quantity.

Next, the differences in metabolite composition before and after fermentation were quantified by PCA. As seen in Fig. 2c, highly
significant differentiation were shown between the two groups, indicating a high degree of cohesion and good segregation within the
pre- and post-fermentation populations. This suggesting that fermentation can dramatically change the metabolites of PLR.

Volcano plots were created based on p < 0.05 and LogyFC > 1 to illustrate differential metabolites (Fig. 3a). The findings
demonstrated that in PLR-F, 5 compounds were considerably decreased and 13 compounds were significantly increased (Fig. 3b and c).
Specific changes are shown in Table 2. In short, more metabolites were up-regulated after fermentation, suggesting that fermentation
can effectively up-regulate various active components in PLR.

3.4. KEGG analysis

We conducted pathway enrichment analysis of the differential metabolites utilizing the KEGG database, and the outcomes are
displayed in Fig. 3d. A total of 24 metabolic pathways were identified. Among the most important metabolic were glycine, serine and
threonine metabolism, flavonoid biosynthesis, flavonoid and flavonol biosynthesis, cyanoamino acid metabolism, and glyoxylate and
dicarboxylate metabolism.

3.5. Differences in chemical composition between PLR-U and PLR-F

In this experiment, the changes in chemical composition between PLR-U and PLR-F were analyzed, which laid the foundation for
further study of PLR. Fig. 3e showed the heat map in the changes of different metabolites of PLR-U and PLR-F. Table 2 showed the
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Fig. 2. Heatmap visualization and proportions of the metabolites identified from PLR-U and PLR-F and multivariate analysis of identified me-
tabolites. (a) Heatmap visualization. Metabolites with low relative abundance are represented in blue, whereas red denotes high abundance. (b) PCA
analysis of metabolites identified from PLR-U and PLR-F. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 3. Differential metabolites between PLR-U and PLR-F. (a) A volcano graphic displaying the 109 differential metabolites that were found. (b) Pie
chart showing metabolic divisions of PLR-U and PLR-F differential metabolites. (c) Differences in the alterations in various metabolites between
PLR-U and PLR-F. (d) Differential metabolite KEGG pathway analysis. (e) Heatmap displaying the differential metabolites between PLR-F and
PLR-U.

Table 2
Differential metabolites of PLR-U and PLR-F were determined by UPLC-MS analysis.
Classification Compounds Type FC Classification ~ Compounds Type FC
amino acids and L-Serine Up 19.815  flavone 3,4,2',3,4',6',alpha- Down  0.188
derivatives Heptahydroxychalcone 2'-glucoside
L-Tryptophan Up 5.974 (2S)-Naringenin Up 5.134
L-Threonine Up 4.126 Naringeninchalcone Up 3.392
L-(+)-Aspartic acid Down  0.358 5,3,4',5"-Tetrahydroxy-6,7- Up 3.296
dimethoxyflavone
terpenoids Mudanpioside J Down 0.179 Catechin Up 2.801
plant polyphenol Protocatechuic acid Down  0.209 Quercetin Up 2.437
Protocatechuic aldehyde Up 2.176 Naringenin trimethyl ether Up 2.429
sugars 1,3,6-Trigalloylglucose Up 2.985 organic acids  Syringic acid Up 5.994
lipids (127)-9,10,11-trihydroxyoctadec- Up 3.240 Citric acid Down  0.385

12-enoic acid

* metabolites detected in PLR-F but not in PLR-U. #, metabolites detected in PLR-U but not in PLR-F.

specific information of 18 different compounds before and after the fermentation of PLR.

Table 2 and Fig. 3e show that differential metabolites included flavonoids, amino acids, polyphenols, terpenoids, organic acids, and
fatty acids, suggesting that fermentation-induced changes in metabolites include a wide range of compound classes within the PLR.
Flavonoids accounted for 38.9% and amino acids accounted for 22.2%, making them the main differential metabolites between PLR-F
and PLR-U (Fig. 3b).

As can be seen from the figure, there was an increase in all flavonoids except 2-Hydroxyformononetin and 3,4,2',3,4,6, Alpha-
Heptahydroxychalcone 2'-Glucoside. The KEGG study of differential metabolites indicated their primary involvement in flavonoid
biosynthesis, as well as flavonoid and flavonol biosynthetic pathways. Catechin, Kaempferol, Quercetin, and (2S)-Naringenin are the
important constituents of flavonoids in PLR, as can be seen from Table 2 and Table S2, the contents of Catechin, Kaempferol, Quercetin,
(+)-Taxifolin and (2S)-Naringenin in PLR-F were increased by 2.80, 2.09, 2.44, and 5.13 folds compared to PLR-U, whereas the
contents of the glycosidic forms such as 3,4,2,3',4', 6/, Alpha-Heptahydroxychalcone 2-Glucoside were decreased to some extent,
indicating that the fermentation may have achieved a glycosidic effect. In addition, as can be seen from the table, except for L-
(+)-Aspartic acid and L-Tyrosine, the levels of each other amino acids has increased. This increase may be attributed to microbial
fermentation breaking down protein macromolecules in the PLR into smaller molecules like peptides and free amino acids. Further-
more, during fermentation, organic acids, and polyphenols accounted for 11.1% of the differential compounds and were the major
compound species affected by fermentation.Among them, geranylacetone, syringic acid, and protocatechuic aldehyde are among the
compounds up-regulated by fermentation and have been reported to exhibit good antioxidant activity. In summary, fermentation up-
regulated the majority (72.2%) of differential metabolites, many of which exhibited strong antioxidant capacity. This accounts for the
observed increase in PLR antioxidant activity following fermentation.

4. Discussion

PLR is a natural medicinal that is commonly utilized in compound formulas and medicinal diets for treating diseases and skin
eruptions caused by heat substances invading the blood, menstrual closure and dysmenorrhea, and bruising and fluttering injuries
[19]. Modern pharmacological studies have found that PLR is rich in monoterpene glycosides, flavonoids, polyphenols and amino acid
compounds, which can exert antioxidant, anti-inflammatory and hepatoprotective effects with good application and nutritional value.
However, at present, wild PLR resources have been seriously destructed in China. Because of special characteristics of its medicinal site
(root), which often requires a growth period of more than three years and is a nonrenewable resource [20], a certain degree of scarcity
exists in the market for PLR. Therefore, how to improveing the utilization rate of PLR resources is highly important for PLR devel-
opment. Microbial fermentation improves plant nutrition, function, and pharmacological activity safely and effectively. Microbial
fermentation produces a variety of hydrolases like exoglucanase, amylase, and hemicellulase, and simultaneously produces several
secondary metabolites [21]. The treatment of PLR with microbial fermentation can effectively enhance the concentration of active
compounds and contribute greatly to its pharmacological activity and nutritional value. Therefore, it is important to utilize appro-
priate bacterial strains for fermentation to broaden the value of PLR. The Mevalonic acid (MVA) pathway in the cytoplasm of plant cells
has been reported to provide precursors for terpenoids, and yeasts have a highly similar MVA pathway. Compared to Escherichia coli,
algae, and molds, yeast is considered more suitable for use as a chassis cell for terpenoid product synthesis [22,23]. Thus, Saccha-
romycopsis fibuligera was selected for the fermentation of PLR, and the results indicated enhanced terpenoid content in PLR. In
addition, in our previous work, we examined the fermentation effects of various strains of Saccharomyces cerevisiae, Streptococcus
thermophilus, and Aspergillus niger on PLR, and the results showed that Saccharomyces fibuligera had the most pronounced
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enhancement of various active ingredients in PLR.

The health benefits and therapeutic effects of fermented products in humans can be linked to changes in the active component
makeup. Therefore, the integral characterization and description of small molecules in fermentation products are important to assess
their active roles [24]. Most of the studies on PLR have concentrated on analyzing a particular active component, which typically does
not offer a comprehensive perspective of its overall effectiveness. Metabolomics was used in this study to examine alterations in the
metabolic profiles of PLR before and after fermentation for the first time. We observed notable variations between PLR-U and PLR-F
based on metabolomics data and examined various main and secondary metabolites. Through differential metabolite analysis, it was
discovered that fermentation primarily up-regulated flavonoids, including Catechin, Quercetin, and (2S)-Naringenin. These flavonoids
have been reported to possess strong antioxidant activity, which explains the observed increase in overall antioxidant activity resulting
from fermentation [25-28]. We found that most flavonoids present in the form of glycosides were downregulated, suggesting that the
glycosides were converted to more active glycosidic forms through the action of enzymes [29]. Furthermore, the levels of L-Serine,
L-Tryptophan, and L-Threonine in PLR-F were found to be significantly increased. This could be attributed to the metabolic activity of
the strains, leading to the breakdown of large proteins into smaller amino acids [30], and these findings are in line with the results
obtained from the KEGG analysis. These additional amino acids not only possess excellent antioxidant capacity but also effectively
enhance the nutritional value of PLR [31-33]. Tyrosine is essential for coumarins and flavonoids [34]. The decrease in tyrosine levels
observed in PLR-F may be attributed to its conversion into flavonoids and coumarins during fermentation. After comparing these
results with those of previous studies, we found that most of the active ingredients exhibited good activity. This may be the primary
reason for the strong activity of PLR-F. This study demonstrates the innovative use of fermentation to significantly boost the active
ingredient content and antioxidant capability of PLR. The findings suggest that PLR-F holds tremendous promise for the development
of novel functional products, offering enhanced health benefits to consumers.

5. Conclusion

In summary, we used Saccharomycosis fibuligera Y2 for PLR fermentation, and dynamically measured the levels of TGP, TFC, and
TPC and tested their antioxidant capacity during the fermentation process. The improvement of antioxidant capacity upon fermen-
tation could be supported by altered metabolites composition between PLR-U and PLR-F from metabolomics analysis. Specifically, the
study found that the TGP, TFC, and TPC contents within PLR were most significantly elevated at Day 2 of fermentation, therefore, PLR-
F fermented for 2 d was selected for subsequent experiments. Compared to PLR-U, PLR-F showed superior antioxidant capacity. In this
work, the chemical makeup of PLR both before and after fermentation was examined using metabolomics for the first time. The results
demonstrated that fermentation primarily increased the flavonoid content. Additionally, there was also a noticeable increase in the
levels of amino acids, polyphenols, and terpenes. KEGG analysis showed that the biosynthesis of flavonoids and flavonols, aminoacyl-
tRNA, and metabolism of glycine, serine, and threonine were highly enriched metabolic pathways. In summary, this study explains the
differences in the metabolite content and antioxidant activity between PLR-U and PLR-F. These results indicated that fermentation is
an effective strategy for improving PLR activity and enhancing its utilization. Moreover, the remarkable antioxidant capacity exhibited
by the fermentation products of PLR highlights their potential for application in treating diseases induced by oxidative stress. The study
presents an innovative method for the biotransformation of natural compounds and establishes a conceptual framework for the future
exploitation of PLR. The next work requires further research, such as purification of the fermentation products and further bioactivity
verification.
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