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In order to optimize the process of solid-state fermentation and understand the changes of active ingredients during fermentation
of A.senticosus, we used response surface methodology to optimize the solid-state fermentation process of A.senticosus and
analyzed the efect of fermentation on the active components of A.senticosus by nontargeted metabolomics techniques. Te efects
of fermentation conditions on polyphenol content were studied in terms of fermentation time, fermentation temperature, water
content, and the inoculum level through Plackett–Burman design and response surface experiments. Te optimized fermentation
conditions were a fermentation time of 60 h, a fermentation temperature of 37°C, a water content of 55%, and an inoculum level of
12.5%, and the polyphenol content reached 10.25± 0.05mg·g−1, which was 40% higher than that before fermentation. Fur-
thermore, the metabolites and metabolic pathways of A. senticosuswere analyzed before and after fermentation using nontargeted
metabolomics techniques, and diferences in metabolites were investigated based on the analysis of the principal components.Te
results showed that A.senticosus contained 57 phenolics, and a total of 12 polyphenolic metabolites were signifcantly diferent
before and after fermentation (including phenols and isofavonoids), among which the content of cafeic acid and its derivatives
with antioxidant capacity was signifcantly increased, which may improve the antioxidant capacity of fermented A.senticosus.
Terefore, solid-state fermentation opens new avenues for the clinical development and application of A. senticosus.

1. Introduction

Acanthopanax senticosus Harms is a genus of Acanthopanax
in the Acanthopanax family, and its dried root, rhizome, or
stem were used as treatment medicine [1, 2]. It can work to
strengthen the body and mind and has the efcacy of
nourishing Qi, strengthening the spleen, nourishing the
kidney, and soothing the nerves [3]. Te primary chemical
constituents of A. senticosus include polyphenols [4],
polysaccharides [5], glycosides [6], and lignans, which have
good pharmacological activities to regulating immune
function [7], antifatigue efect [8], antioxidant activity [9],
and anti-infammatory properties [10]. Polyphenols are
secondary plant metabolites found in traditional Chinese
medicine with potential efects on health and are also the

general term for plant components with several phenolic
hydroxyl groups in the molecular structure, including
polyphenols, tannins, phenolic acids, and anthocyanins [11].

As benefcial microorganisms, probiotics play a unique role
in physical health, such as improving immunity [12], producing
benefcial metabolites [13], and regulating intestinal fora bal-
ance [14]. Traditional Chinese medicine uses high-purity single
high-purity strain or hybrid strain [15] and can improve active
component content and efcacy [16]. Most of the active in-
gredients in traditional Chinese medicine are found in the cell
wall. Te cell wall is rich in lignin, cellulose, pectin, and other
dense structural components, which increases the hardness of
the cell wall and is not easy to decompose, hindering the release
of the active ingredients of traditional Chinese medicine from
the cell [17]. It has been demonstrated that the traditional
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Chinese medicine cell wall can be degraded by various enzymes
produced by microorganisms, releasing more active ingredients
[14]. Terefore, the content of dynamic components [18] and
efcacy of alkaloids [19], saponins, favonoids, polysaccharides,
and organic acids in traditional Chinese medicine will be im-
proved after microbial fermentation and are more suitable as
feed additives [20]. With the continuous innovation of mi-
crobial fermentation technology and the deepening of the
modernization of traditional Chinese medicine, microbial fer-
mentation and transformation of traditional Chinese medicine
have aroused great interest and gradually become a new way to
produce new active compounds with potential medicinal value.

Nontargeted metabonomics focuses on detecting hun-
dreds of individual compounds rather than identifying or
quantifying specifc compounds [21]. Metabonomics is
widely used to monitor the quality, processing, safety, and
microbiology of fermented products. In this study, the
previously optimized process parameters were used for the
solid-state fermentation of A. senticosus (FAS), and the
changes in the chemical components of the substrate in the
fermentation process were analyzed. Using unfermented
A. senticosus (AS) as a control, the metabolites of the
compound of A. senticosus were identifed by ultra-
performance liquid chromatography and mass spectrometry
[22]. Te study established chromatographic and mass
spectrometric conditions, used partial least squares dis-
criminant analysis to screen compounds, matched the
secondarymass spectrometry information with the database,
identifed related compounds, and obtained the metabolic
material spectrum during the fermentation process of
A. senticosus. Bioinformatic tools and software were used to
classify and analyze the identifed metabolites, systematically
identify the primary metabolites and critical metabolic
pathways in the fermentation process of A. senticosus, and
provide a reference for the application of A. senticosus.

2. Materials and Methods

2.1. Reagents and Strains. Te A. senticosus was purchased
from Liaocheng Limin Pharmacy and dried at 60°C in an
oven with constant weight. After drying, the plant was
crushed with a pulverizer and sieved with 200mesh. About
1500 g powder of A. senticosus was used in the experiment.
Te powder was stored in a refrigerator at 4°C for subsequent
testing. Formic acid was purchased from CNW; 2-Propanol
was purchased from Merck; 2-Chloro-L-Phenylalanine was
purchased from Adamas-beta. Lactic-lactobacillus Planta-
rum, Saccharomyces cerevisiae, and Bacillus subtilis were
isolated from the intestine of healthy chickens in the lab-
oratory. Tese strains were identifed by routine methods
using 16S rRNA and physiological and biochemical tests.
Tese were sourced from laboratory-preserved strains. Te
concentration of all strains used for fermentation is
1× 108 CFU/ml, and the addition ratio is 1 :1 :1.

2.2. Fermentation of A. senticosus. Te A. senticosus powder
(10 g) was accurately weighed and placed in a conical fask;
10ml of distilled water and 0.1 g of glucose were added and

sealed separately; the sealed conical fask was placed in an
autoclave for 30minutes, taken out, and placed on an ul-
traclean bench, and it was cooled to room temperature.
Lactobacillus Plantarum, Saccharomyces cerevisiae, and
Bacillus subtilis were added to their enrichment medium,
placed on a shaker, and incubated and treated at 37°C for
24 h. Te concentration of bacteria was adjusted to
1× 108 CFU/mL. Te bacteria and Saccharomyces cerevisiae
were stirred andmixed on the ultraclean bench and placed in
a constant temperature incubator for fermentation. After the
fermentation was fnished, they were baked in a blast dryer
until they reached a constant weight and then used for the
later experiments.

2.3. Extraction of Polyphenol from A. senticosus and Calcu-
lation of Its Content. Dried FAS powder (1.0 g) was weighed.
Polyphenols were extracted using the ultrasonic-assisted
method (time� 40min and power� 600W) with 10ml of
60% ethanol as the extraction solvent. In this paper, the
extraction temperature was 60°C and the solid-liquid ratio
was 1 : 30 (g :mL). After that, it was cooled, fltered, and
centrifuged at 10,000 rpm−1 for 10minutes to determine the
polyphenol content of the supernatant. Te content of
polyphenol was determined by the Folin–Ciocalteu method
described by Pham [23], with gallic acid as the standard. Te
polyphenol yield of A. senticosus (Y) was calculated
according to the following equation:

Y �
(C × N × V)

M
, (1)

where C is the polyphenol content in A. senticosus, V is the
volume after the extraction, N is the dilution ratio of the
sample, and M is the mass of the raw material.

2.4. Optimization by the Response Surface Method. Te ef-
fects of fermentation time, fermentation temperature, the
inoculum level, water content, glucose addition, and urea
addition on polyphenol content were frst investigated by
single-factor tests. Ten, a Plackett–Burman design (PBD)
was performed, and PBD was usually applied to conduct
a minimum number of experiments to assess the relative
importance of various parameters. Six factors afecting
polyphenol content were selected, including fermentation
time, fermentation temperature, inoculum, water content,
glucose addition, and urea addition, with polyphenol
content (Y) as the response value. A 6-factor 2-level PBD
was designed using Design Expert 10 software, with two
levels of high (+1) and low (−1) set for each variable
(Table 1), and the efect of each variable on polyphenol
content was calculated by the diference between the high
and low levels of the diference between the mean values.
Finally, a Box–Behnken experiment with four factors and
three levels was conducted for four screened factors, in-
cluding water content (A), fermentation time (B), in-
oculum (C), and fermentation temperature (D), based on
the Plackett–Burman results (Table 2). Both Plack-
ett–Burman and BBD experimental designs were generated
using Design Expert 10 software.

2 Journal of Food Biochemistry



2.5.DeterminationofAntioxidantCapacity. In this study, we
investigated the changes in the antioxidant capacity of
A. senticosus before and after fermentation by measuring the
scavenging ability of ABTS [24] and DPPH [25] radicals in
A. senticosus and their total antioxidant capacity.

2.6. Preparation of Nontargeted Metabonomics Samples.
Te samples were slowly thawed at a low temperature of 4°C.
50mg of sample was accurately weighed into a 2ml cen-
trifuge tube, a 6mm diameter grinding bead was added, and
400 μl of extraction solution (methanol: acetonitrile� 1 :1 (v:
v)) containing 0.02mg/mL of the internal standard (L-2-
chlorophenyl alanine) was added. Te samples were ground
for 6min at −10°C at 50Hz using a frozen tissue mill,
extracted by ultrasonication for 30min at 5°C at 40 kHz, left
to stand at −20°C for 30min, and centrifuged for 15min at
13,000 g at 4°C, and the supernatant was removed to an
injection vial with an internal cannula for analysis in the
machine. Quality control (QC) samples were prepared by
mixing the extracts of all models in equal volumes, with each
QC sample having the same volume as the sample and
treated and tested in the same way as the analytical samples.

2.7.UPLC-MS/MSAssay. Te instrumental platform for this
LC-MS analysis was an ultrahigh performance liquid
chromatography-tandem Fourier transform mass spec-
trometry UHPLC-Q Exactive system from Termo Fisher.
Chromatographic conditions: the column was an ACQUITY
UPLC HSS T3, mobile phase A was 95% water +5% ace-
tonitrile (containing 0.1% formic acid), and mobile phase B
was 47.5% acetonitrile + 47.5% isopropanol + 5% water
(containing 0.1% formic acid); the fow rate was 0.40mL/
min, the injection volume was 2 µL, and the column tem-
perature was 40°C.

2.8. Statistical Analysis. Box–Behnken experiments were
designed using Design-Expert. Te 8.0.6 software and
Graphpand 8.0 software packages were used to analyze

variance (ANOVA) and plot data. Principal component
analysis (PCA), cluster analysis, partial least squares dis-
criminant analysis (PLS-DA), and orthogonal partial least
squares discriminant analysis (OPLS-DA) were used to
predict the stability and reliability of the models. Multidi-
mensional statistical analysis (using VIP values) and one-
dimensional statistical analysis (p values) were used to
predict the stability and reliability of the models. Metabolites
with VIP> 1, p< 0.05, FC value> 1, or C value< 1 were
selected as diferential metabolites. Each group of diferent
metabolites was clustered by hierarchical clustering. Each
treatment was carried out in triplicate, and experimental
results were expressed as the mean± standard deviation.

3. Results

3.1.ResponseSurfaceAnalysis. Using the polyphenol content
in the fermentation process produced as an indicator, many
factors afecting the fermentation process of A. senticosus
were screened, and the PBD in Table 1 was ftted and an-
alyzed by ANOVA using Design Expert software.Te results
are shown in Table 3, and the regression model was highly
signifcant (p< 0.01) with a coefcient of determination R2
value of 0.9335, indicating that 93.35% of the variance could
be estimated by this equation. Among them, fermentation
temperature, fermentation time, inoculum amount, and
water content reached signifcant levels (p< 0.05) and were
the main efect factors afecting the production of
A. senticosus polyphenols. A Box–Behnken design (BBD) in
response surface methodology (RSM) was selected to de-
termine the optimal fermentation conditions for
A. senticosus. Based on the experimental results, the poly-
phenol yield was used as an indicator and four parameters,
namely, water content (A), fermentation time (B), in-
oculation amount (C), and fermentation temperature (D),
were selected as variables for optimising fermentation
technology. Te practical steps, the corresponding experi-
mental results, the experimental design, and the results of
the response surface are shown in Table 4.

Herein, A, B, C, and D refer to water content, fer-
mentation time, inoculation amount, and fermentation
temperature, respectively. Te experimental data were
designed and processed by Design Expert 8.0.6 software, and
the variance analysis of the regression model was obtained.
Te results are shown in Table 5. After the quadratic
polynomial ftting of the nonlinear regression, the prediction
model was obtained as follows:

Y � 10.26 + 0.18A + 0.24B + 0.08C + 0.39D + 0.07AB

+ 0.01AC − 0.02AD − 0.08BC − 0.13BD + 0.01CD

− 0.83A2
− 0.72B2

− 1.01C2
− 1.20D2

.

(2)

As shown in Table 5, the proposed mathematical model
is signifcant (p< 0.0001), the lack-of-ft term is little
(p> 0.05), and the corrected coefcient of determination R2
is 0.9545, indicating that 95.45% of polyphenol content of
A. senticosus can be determined by the model to explain; R2

Table 2: Box–Behnken experimental factors and level.

Factors
Levels

−1 0 1
A water content (%) 45 55 65
B fermentation time (h) 36 60 84
C inoculation amount (%) 7.5 12.5 17.5
D fermentation temperature (°C) 33 37 41

Table 1: Factors and levels of the Plackett–Burman design.

Trial no.
Levels

−1 1
Fermentation time (h) 36 60
Fermentation temperature (°C) 33 37
Inoculation amount (%) 7.5 12.5
Water content (%) 45 55
Glucose addition (g/kg) 5 10
Urea addition (g/kg) 5 10
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is 0.9091, demonstrating that the polyphenol content of
A. senticosus is changed and the equation established is
a proper ft for the experiment. Te efects of the respective
variable factors on the polyphenol content of A. senticosus
are as follows. Te primary factors B (fermentation time)
and D (fermentation temperature), A2, B2, C2, and D2 had
rather signifcant efects on the polyphenol yield of
A. senticosus (p< 0.01). Te efect of A (water content) on
the total polyphenol content of A. senticosus was signifcant
(p< 0.05). AB (water content and fermentation time), AC
(water content and inoculation amount), AD (water content
and fermentation temperature), BC (fermentation time and
inoculation amount), BD (fermentation time and fermen-
tation temperature), and CD (inoculation amount and

fermentation temperature) had no signifcant efect on the
polyphenol content of A. senticosus (p> 0.05).

Te regression analysis results drew the response surface
contour map and the response surface three-dimensional
map. Te three-dimensional map intuitively refected the
efects of the interaction of each factor on the response value,
and the optimized parameters and the interaction between
the parameters were found. Te response surface could be
used to evaluate the infuence of various factors, with the
impact becoming more noticeable as the surface became
steeper. Figure 1 illustrates the efects of A, B, C, and D on
the polyphenol content of A. senticosus. Trough the re-
sponse surface experiment, the optimized process conditions
of A. senticosus fermentation were determined as follows.

Table 4: Response surface design and experimental results.

Number A B C D Phenol yield
(mg·g−1)

1 55 36 12.5 33 7.56
2 55 36 7.5 37 8.00
3 45 36 12.5 37 8.45
4 65 60 12.5 41 8.96
5 65 60 7.5 37 8.36
6 55 36 12.5 41 8.50
7 55 60 12.5 37 10.29
8 55 60 17.5 33 7.44
9 55 60 7.5 41 8.45
10 45 60 7.5 37 8.06
11 55 60 12.5 37 10.50
12 45 60 12.5 33 7.80
13 45 60 17.5 37 8.20
14 45 84 12.5 37 8.48
15 55 84 17.5 37 9.21
16 65 36 12.5 37 8.61
17 65 84 12.5 37 8.95
18 55 84 12.5 41 8.60
19 55 60 12.5 37 10.05
20 55 60 12.5 37 10.17
21 55 84 7.5 37 9.06
22 55 60 17.5 41 8.48
23 45 60 12.5 41 8.56
24 55 60 12.5 37 10.27
25 65 60 17.5 37 8.57
26 55 36 17.5 37 8.50
27 55 60 7.5 33 7.47
28 65 60 12.5 33 8.31
29 55 84 12.5 33 8.20

Table 3: Factor levels and signifcance analysis of Plackett–Burman.

Source SS Df MS F-value p value
Model 10.7 6 1.78 11.7 0.0082
Fermentation time (h) 1.97 1 1.97 12.9 0.0157∗
Fermentation temperature (°C) 5.91 1 5.91 38.73 0.0016∗
Inoculation amount (%) 1.43 1 1.43 9.38 0.028∗
Water content (%) 1.31 1 1.31 8.59 0.0326∗
Glucose addition (g/kg) 0.0143 1 0.0143 0.0936 0.7719
Urea addition (g/kg) 0.0748 1 0.0748 0.4908 0.5148
Residual 0.7624 5 0.1525
Cor total 11.46 11
Note. SS: sum of squares; DF: degree of freedom; MS: mean sum of squares. ∗Statistically signifcant at 95% of the probability level.
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Te fermentation temperature is 37.632°C, the inoculation
amount is 12.5%, the fermentation time is 63.562 h, and the
water content is 55%. Terefore, the total phenol content in
the fermentation broth is predicted to be 10.309mg/g.
Under this condition, the polyphenol content in fermen-
tation products reached 10.25mg·g−1, which was 40% higher
than before fermentation. After inoculation with the com-
pound strains, during the fermentation process (0∼72 d), the
total phenol content showed a trend of increasing and de-
creasing. Yet, the total phenol content reached its highest
after the process of fermentation, signifcantly higher than
other samples (p< 0.05). In fermentation, microorganisms
produced phenols through secondary metabolic pathways
and extracellular enzymatic action, and hydrolase was re-
leased to hydrolyze complex-bound phenols into mono-
meric phenol substances, increasing total phenol
content [26].

3.2. Free Radical Scavenging Activity of Fermented
A. senticosus. DPPH, as one of the few stable organic ni-
trogen compounds, is often used to evaluate the antioxidant
activity of natural antioxidants. Te DPPH radical scav-
enging assay has the advantages of being simple and rapid
and can be widely used to determine the antioxidant activity
of herbal extracts. Potassium persulfate can oxidize ABTS
and produce ABTS radicals with a dark green color, and the
scavenging ability of antioxidants on ABTS radicals can be
assessed by detecting the decrease in absorbance, so it can be
used to test the antioxidant activity of herbal extracts in
various media. In this study, the total reducing capacity of
A. senticosus was also examined based on the assessment of
the efect of fermentation on the scavenging capacity of
DPPH and ABTS free radicals inA. senticosus (Figure 2).Te
results showed that A. senticosus extracts had the scavenging
ability for both free radicals and showed a positive

correlation with increasing drug concentration. Among
them, the IC50 values of fermented A. senticosus alcoholic
extracts (FAS) for the elimination of DPPH and ABTS+ were
0.1764mg·mL−1 and 0.6023mg·mL−1, which were signif-
cantly higher than those of unfermented A. senticosus al-
coholic extracts (AS).Tis shows thatA. senticosus has better
in vitro antioxidant ability, and the free radical scavenging
ability is stronger after A. senticosus fermentation than
before fermentation in the concentration range.

3.3. Nontargeted Metabonomic Analysis. Changes in the
chemical composition of AS during solid-state fermentation
were evaluated using nontargeted metabolomics. In the
positive and negative ionmodes, the total ion chromatogram
is plotted with time as the horizontal coordinate and the
intensity of the sum of the ion as the vertical coordinate [27].
Total ion current (TIC) overlap plots from MS analysis of
mixed quality control (QC) samples were analyzed by
overlap display analysis (Figure 3). Te results show a high
overlap of the total ion current curves for metabolite de-
tection, indicating a reliable assessment. Te metabolites in
the samples were extracted and put on the mass spec-
trometer, and metabolites were detected using both positive
and negative ion modes to obtain all of the mass spec-
trometry data.Temetabolites are detected using both anion
and cation modes. All mass spectrometry data are obtained,
and the mass spectrometry results are imported into the
Megi cloud platform for expression data preprocessing.
Finally, 939 metabolites were identifed in cationic and
anionic modes (Table 6). From Figure 4, we can see that for
the overall data, when the RSD is less than 0.3, the pro-
portion of the peak is greater than 70%, so it was proven
reliable. To better outline and analyze the dynamic changes
of metabolites in AS during solid-state fermentation,
a heatmap of sample correlations was drawn, where each

Table 5: Variance analysis and regression coefcient estimation of the response surface.

Source Sum of squares Df Mean square F-value p value Signifcant
Model 19.07 14 1.36 20.99 <0.0001 ∗∗

A 0.4087 1 0.4087 6.3 0.025
B 0.6933 1 0.6933 10.69 0.0056
C 0.0847 1 0.0847 1.31 0.2723
D 1.91 1 1.91 29.4 <0.0001 ∗∗

AB 0.0231 1 0.0231 0.3568 0.5598
AC 0.0011 1 0.0011 0.0172 0.8974
AD 0.0026 1 0.0026 0.0408 0.8429
BC 0.0304 1 0.0304 0.4683 0.505
BD 0.0729 1 0.0729 1.12 0.307
CD 0.0009 1 0.0009 0.0145 0.9057
A2 4.51 1 4.51 69.46 <0.0001 ∗∗

B2 3.43 1 3.43 52.94 <0.0001 ∗∗

C2 6.73 1 6.73 103.79 <0.0001 ∗∗

D2 9.36 1 9.36 144.36 <0.0001 ∗∗

Residual 0.9082 14 0.0649
Lack of ft 0.7993 10 0.0799 2.94 0.1554
Pure error 0.1089 4 0.0272
Cor total 19.97 28
Note. Y, A, B, C, and D are polyphenol content, water content, fermentation time, inoculation amount, and fermentation temperature, respectively; A2, B2,
C2, and D2 are secondary factors of A, B, C, and D, respectively; A.B., A.C., A.D., BC, B.D., and CD are interaction factors.
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grid indicated the correlation between two samples, diferent
colors represented the relative magnitude of correlation
coefcients between samples, and the length of clustered
branches indicated the close distance between samples [28].
Te experimental results confrmed the high repeatability
and reproducibility of the data throughout the analysis.

3.4. Multivariate Analysis. To scientifcally identify the
diferences in the accumulation of metabolites between FAS
and AS, a metabolite analysis of AS was performed using
LC-MS and multivariate analysis. Principal component
analysis (PCA) can classify the samples and help us grasp the
overall situation of metabolites in FAS and analyze the
diferences between FAS andAS under optimal fermentation
conditions [29]. As shown in Figure 5, parallel samples of the
two groups of AS samples, as well as the quality control (QC)
sample group, were clustered together, indicating that all
assays had good analytical stability and experimental

reproducibility; meanwhile, the frst principal component
(PC1) and the second principal component (PC2) of cations
and anions explained 37.20%, 45.50%, 23.00%, and 18.50%,
respectively. Te cumulative contribution of both reached
60.20% and 64.00%, respectively, which showed a more
pronounced separation trend of FAS and AS, refecting the
metabolite diferences among these samples.

By appropriately rotating the principal components, the
observed values between the groups could be efectively
distinguished, and the infuencing variables that led to the
diferences between the groups could be found. After the
PLS-DA model was established, if the values of the model
parameters (R2 and Q2) were high, the current PLS-DA
model was successfully constructed. A substitution test was
also conducted for the model parameters R2 and Q2
200 times [30].Te PLS-DA score plots and the results of the
replacement test for the samples of AS before and after
fermentation are shown in Figure 6.Te results are similar to
those of PCA. Te results show that the R2 and Q2 values of
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Figure 1: Response surface plots. (a) Te efects of water content and fermentation time on the polyphenol yield. (b) Te efects of water
content and inoculation amount on the polyphenol yield. (c) Te efects of water content and fermentation temperature on the polyphenol
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anions and cations reached above 0.95, indicating that the
PLS-DA model was successfully constructed and the re-
placement test was passed.Te model was not overftted and
had good stability and predictability, which can further
explore the fermentation process of AS. Te model has good
stability and predictiveness to further explore the metabolite
diferences in the fermentation process.

3.5. Identifcation ofMetabolites. Te secondary mapping of
metabolites matched the secondary mapping of standards in
the public database.Te statistical results of the classifcation
of the substances identifed at the secondary level according
to the classifcation information in the HMDB database are
shown in Figure 7 [31]. Te results showed that 236 me-
tabolites corresponded to lipids and lipid-like molecules, 103
metabolites corresponded to organic acids and derivatives,
65 metabolites corresponded to organic oxygen compounds,
57 metabolites corresponded to organoheterocyclic com-
pounds, 53 metabolites corresponded to benzenoids, and 53
metabolites corresponded to phenylpropanoids and

polyketides. Te results showed that the main metabolites of
AS were 601 metabolic components after fermentation, of
which 57 were phenolic substances, including phenols,
cinnamic acids and derivatives, and favonoids.

Te KEGG pathway to which the metabolites were
matched was classifed, with the vertical coordinate being the
secondary classifcation of the KEGG metabolic pathway,
and the horizontal coordinate being the number of com-
pounds annotated to the pathway. Te results showed that
522 metabolites were involved in the metabolic pathway,
among which 225 metabolites were categorized into
metabolism-related pathways, accounting for 43%, as shown
in Figure 8(a). Finally, pathway analysis was performed on
the metabolites identifed at the secondary level, and the
identifed metabolites were submitted to the KEGG website
for metabolic pathway analysis [32].Te results are shown in
Figure 8(b). Te horizontal coordinates are the top 20
pathways listed, and the vertical coordinates are the number
of metabolites matched to the KEGG database. Te results
showed that 17 metabolites were enriched in the bio-
synthesis of phenylpropanoid-related pathways and 16 were
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Figure 3: Te total ion chromatograms of quality-control samples in positive and negative ion modes. (a) Total ion chromatographic in the
cationic mode (positive ion). (b) Total ion chromatographic in the anionic mode (negative ion).

Table 6: Total ion count and identifcation statistics.

Ion mode All peaks Identifed Metabolites Metabolites
Pos 8976 564 406 192
Neg 8831 375 258 106
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enriched in the biosynthesis of plant secondary metabolite-
related pathways. In addition to these metabolites, various
amino acid-related metabolic pathways such as alanine,
aspartate, and glutamate were involved.

3.6. Identifcation and Analysis of Diferential Metabolites

3.6.1. Diferential Metabolite Statistics and OPLS-DA
Analysis. Te S-plot of the PLS-DA model for the FAS and
AS groups in the anion model is shown in Figure 9, where
the points further from the origin indicate a more signifcant
contribution to the diference between the groups and their
VIP values [33]. In this experiment, metabolites that satisfy
both VIP> 1 and t-test p< 0.05 were screened as diferential

metabolites. Two hundred thirty-eight diferential metabo-
lites were screened in the metabolites of the FAS and AS
groups. Among them, the down-regulated metabolites in the
FAS and AS groups compared with each other are indicated
by blue dots, red dots indicate the up-regulated metabolites,
and the unchanged metabolites are indicated by gray dots
(Figure 10).

3.6.2. Cluster Analysis of Diferential Metabolites. Te me-
tabolite distribution can be visually divided into up-
regulation and down-regulation. To directly observe the
trend of the concentration of the diferent metabolites before
and after fermentation, a heatmap was made based on the
relative content of each diferent metabolite [34], as shown
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Figure 4: Correlation among samples. (a) Sample evaluation. (b) Te sample correlation heatmap in the cationic mode (positive ion).
(c) Te sample correlation heatmap in the anionic mode (negative ion).
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in Figure 11. Te tree diagram of the clustering is shown on
the left side, and the names of metabolites are shown on the
right side. Te expression profles of metabolites in each
sample in the FAS and AS groups were the same, the ag-
gregation efect was good, and the high and low expression
metabolites could be distinguished.Te fgure shows that the
high content of diferential metabolites in the fermentation
group (FAS) was more than 75%, which was signifcantly
more than that in the control group (AS), where the content
of organic acids and their substituted derivatives and amino
acids and their derivatives in the fermentation group was

higher than that in the unfermented group. Phenolic sub-
stances are essential for plant extracts with vigorous anti-
oxidant activity.

Phenols are a large group of secondary metabolites with
diverse structures that are widely distributed in plants. Some
polyphenols have a variety of structures, some of which have
important pharmacological activities such as antioxidants
and anti-infammatory substances. Tey can also modify the
palatability of fermented herbal medicines and broaden the
avenues of application. To better visualize the diferential
phenolic metabolites, violin plots were used to compare the
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Figure 6: Te OPLS-DA model and permutation testing. (a) PLS-DA score plots of two groups in the cationic mode (positive ion).
(b) PLS-DA score plots of two groups in the anionic mode (negative ion).
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diferences in the abundance of phenolic diferential me-
tabolites in AS before and after fermentation (Figure 12).
Cafeic acid is a natural phenolic acid compound that is
widely found in herbal medicines and has antiviral, anti-
oxidant, and antibacterial efects. Lignans are a class of
natural lignans, which are plant secondary metabolites that
are widely found in nature with rich structural variations
and diverse biological activities. Te expression of cafeic
acid and its derivatives was signifcantly higher in the FAS
group than in the AS group, which may be the reason for the
improved antioxidant capacity in the FAS group [35]. Re-
lated studies have shown that in the fermentation system,
with the action of microorganisms, the enzymes produced
can break down bound phenolic acids into free phenolic
acids, thus increasing the antioxidant activity and bio-
availability of phenolic acids in A. senticosus, which may be
the reason for the signifcant increase in the content of free
phenolic acids such as cinnamic acid and cafeic acid in
A. senticosus.

3.7. Metabolic Pathway Analysis of Diferential Metabolites.
Te plant growth process is a very complex metabolic
process that must be regulated by a variety of substances and
reactions together. Te overall judgment cannot be made
only from the content of a certain substance, so further
analysis of its metabolic pathways is needed. By comparing
with the KEGG database, the metabolic pathways involved
in the metabolites can be known to evaluate their efects on
the biological metabolic process [36]. Forty-one metabolic
pathways in 7 categories were retrieved before and after the
fermentation of AS. Te secondary classifcation names of
KEGG, as shown in Figure 13, were amino acid metabolism,
polysaccharide biosynthesis, metabolism, biosynthesis of
other secondary metabolites, nucleotide metabolism, car-
bohydrate metabolism, xenobiotic biodegradation and
metabolism, cofactor, vitamin metabolism, another amino
acid metabolism, lipid metabolism, terpenoid, polyketide
metabolism, exogenous biodegradation and metabolism,
carbon metabolism, and various systemic pathways.

Diferential metabolites identifed during the fer-
mentation of A. senticosus were analyzed, and enrichment
analysis and topology analysis of metabolic pathways were
performed based on the data from the pathway. First,
diferential metabolites were present in 202 metabolic
pathways based on the analysis, among which 99 pathways
were signifcantly aggregated (p< 0.05). Te most sig-
nifcant key metabolic pathways were selected based on
the p value and impact values (Table 7), which were as
follows: (1) alanine, aspartate, and glutamate metabolism,
including L-asparagine; (2) pyrimidine metabolism, in-
cluding uracil; (3) arginine and proline metabolism, in-
cluding L-arginine; (4) tyrosine metabolism, including
gentisic acid; (5) citrate cycle (TCA cycle), including malic
acid; (6) phenylpropanoid biosynthesis, including cafeic
acid; (7) arginine biosynthesis, including L-aspartic acid;
(8) valine, leucine, and isoleucine biosynthesis, including
2-isopropylmalic acid; and (9) pyruvate metabolism, in-
cluding 2-isopropylmalic acid. Figure 14 shows the
pathway enrichment diagram, and the experiment was
conducted to investigate the efect of fermentation on the
analysis of metabolic pathways in A. senticosus by ana-
lyzing the diferential metabolites of A. senticosus before
and after fermentation. As shown in Figure 14(b), the
synthesis of secondary metabolites and phenylpropanoid
biosynthesis were dark and signifcant, which confrmed
the signifcant efect of fermentation on phenolics (e.g.,
cafeic acid and 2-hydroxycinnamic acid) in A. senticosus.
Analyzing the role that diferential metabolites play in the
biosynthesis of secondary metabolites, Figure 15 shows
the metabolic pathways associated with diferential me-
tabolites, of which four pathways, namely, favonoid
biosynthesis, favonoid and favonol biosynthesis, an-
thocyanin biosynthesis, and isofavone biosynthesis, are
associated with multiple metabolites. Existing studies have
shown that the precursors of plant polyphenols are de-
rived from intermediate products of sugar metabolism
and synthesized via the phenylpropane metabolic pathway
and the favonoid metabolic pathway, in which most
phenolic acids are synthesized via the phenylpropane

Lignans, neolignans and related compounds: 6 (1.00%)

Nucleosides, nucleotides, and analogues: 15 (2.50%)

Phenylpropanoids and
polyketides: 53 (8.82%)

Benzenoids: 53 (8.82%)

Organoheterocyclic compounds: 5
7 (9.48%)

Organic oxygen compounds: 65 (10.82%)

Lipids and lipid-like
molecules: 236 (39.27%)

Organic acids and
derivatives: 103 (17.14%)

Alkaloids and derivatives: 3 (0.50%)

Organic nitrogen compounds: 10 (1.66%)

(a)

Stilbenes: 3 (5.26%)

Furanoid lignans: 5 (8.77%)

Phenols: 17 (29.82%)

Isoflavonoids: 6 (10.53%)

Benzopyrans: 6 (10.53%)

Cinnamic acids and 
derivatives: 11 (19.30%)

Flavonoids: 9 (15.79%)
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Figure 7: HMDB classifcation of metabolites. (a) HMDB classifcation of total metabolites. (b) HMDB classifcation of phenolic
metabolites.
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metabolic pathway. Te phenylpropane metabolic path-
way is one of the important secondary metabolic pathways
for the synthesis of lignin and favonoid substances in
plants. Te phenylpropane metabolic pathway was
enriched in this study, which confrmed that fermentation
could promote the production of phenolic substances and
provide a reference for the efect of fermentation on
phenolic substances in Acer sativa.

4. Discussion

In recent years, research on Chinese medicine has become
a hot spot for improving the utilisation rate of Chinese
medicine and developing new avenues of application. Fer-
mentation is a biochemical reaction process that uses the
metabolic function of microorganisms and plant cells to
break down organic matter [37]. After microbial fermen-
tation, Chinese medicines can signifcantly enhance their
efcacy, reduce toxicity, and produce new active ingredients.

Various studies have shown that fermented Chinese med-
icines have good efects in promoting growth and devel-
opment of the body and preventing diseases [38–42]. Te
strains used in this study were all commonly used probiotics,
which produce metabolites benefcial to the host during the
fermentation process [43]. Compared with the single strain,
the composite strain improved the fermentation efciency
and fermentation quality due to the combined efect of
bacteria and enzymes. After the microbial fermentation of
A. senticosus, the extracellular enzymes such as cellulase and
pectinase produced by microorganisms caused its cells to
rupture, allowing the precipitation of the active ingredients
of A. senticosus.

Response surface methodology is an efective method to
study the interaction of diferent factors in the fermentation
process. In this study, PBD and BBD experiments were used
to determine the optimal fermentation conditions for
A. senticosus, using the polyphenol content as an experi-
mental index. Polyphenols are a class of secondary

Top 20 KEGG pathway

Bi
os

yn
th

es
is 

of
 p

he
ny

lp
ro

pa
no

id
s

A
BC

 tr
an

sp
or

te
rs

Ty
ro

sin
e m

et
ab

ol
ism

Pu
rin

e m
et

ab
ol

ism

C
en

tr
al

 ca
rb

on
 m

et
ab

ol
ism

 in
 ca

nc
er

Bi
os

yn
th

es
is 

of
 p

la
nt

 h
or

m
on

es

A
m

in
ob

en
zo

at
e d

eg
ra

da
tio

n

A
la

ni
ne

, a
sp

ar
ta

te
 an

d 
gl

ut
am

at
e m

et
ab

ol
ism

H
ist

id
in

e m
et

ab
ol

ism

A
rg

in
in

e a
nd

 p
ro

lin
e m

et
ab

ol
ism

Bi
os

yn
th

es
is 

of
 al

ka
lo

id
s d

er
iv

ed
 fr

om
 sh

ik
im

at
e p

at
hw

ay

Pr
ot

ei
n 

di
ge

sti
on

 an
d 

ab
so

rp
tio

n

A
m

in
oa

cy
l-t

RN
A

 b
io

sy
nt

he
sis

Bi
os

yn
th

es
is 

of
 al

ka
lo

id
s d

er
iv

ed
 fr

om
 h

ist
id

in
e a

nd
 p

ur
in

e

G
ly

ce
ro

ph
os

ph
ol

ip
id

 m
et

ab
ol

ism

Bi
os

yn
th

es
is 

of
 al

ka
lo

id
s d

er
iv

ed
 fr

om
 o

rn
ith

in
e, 

ly
sin

e a
nd

 n
ic

ot
in

ic
 ac

id

Bi
os

yn
th

es
is 

of
 p

la
nt

 se
co

nd
ar

y 
m

et
ab

ol
ite

s

Ph
en

yl
pr

op
an

oi
d 

bi
os

yn
th

es
is

A
rg

in
in

e b
io

sy
nt

he
sis

G
ly

ox
yl

at
e a

nd
 d

ic
ar

bo
xy

la
te

 m
et

ab
ol

ism

0

5

10

15

N
um

be
r o

f m
et

ab
ol

ite
s

(b)
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metabolites widely found in plants. Polyphenol compounds
can be covalently bonded with carbohydrates, proteins, and
other biological macromolecules to form insoluble bonded
polyphenols. During the fermentation process, microor-
ganisms can produce carbohydrate hydrolases such as cel-
lulase, which decompose carbohydrates bound with
polyphenols and promote the release of insoluble bonded
polyphenols, thus increasing the polyphenol content.

Fermentation time afects the quality of fermentation. As
the fermentation time increases, the microorganisms con-
sume nutrients to add value, which in turn increases the

active ingredient of the drug [44].Te polyphenol content in
this study showed a trend of increasing and then decreasing,
which may be because, at the beginning of fermentation, the
carbohydrate hydrolase produced by microorganisms pro-
moted the release of insoluble bonded polyphenols, leading
to an increase in the polyphenol content; the gradual de-
crease in the polyphenol content at the later stage of fer-
mentation may be because the release of insoluble bonded
polyphenols was complete, while the content was reduced
due to the poor stability of polyphenols. Te optimal fer-
mentation time for pharyngitis tablet residue prepared by
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Figure 9: Te S-plot of FAS and AS. (a) Cationic mode (positive ion). (b) Anionic mode (negative ion).
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Journal of Food Biochemistry 15



other researchers using Lactobacillus Planta-rum and Ba-
cillus subtilis was 72 h [45], while the optimal fermentation
time in this study was 60 h, whichmay be due to the diferent
species of fermentation substrate and inoculated strains.

Te water content will also have an important efect on
the polyphenol content. Microbial pregrowth, cellulase

secretion, transfer, and action all need a certain amount of
water to participate, but the increase in water content will
lead to the increase in viscosity of the fermentation material
and reduce the air exchange, and the waste gas from growth
and metabolism will afect the normal growth of the strain.
Studies have shown that, at 40–60% water content in solid-

Sinapyl alcohol

4-p-Coumaroyl-1,5-quinolactone

Normetanephrine

2-Hydroxycinnamic acid

(+/-)-Enterolactone

(2E)-3-[3-(sulfooxy)phenyl]prop-2-enoic acid

Hydroxymethoxyphenylcarboxylic acid-O-sulphate

Cafeic acid 3-sulfate

EUGENITOL

Cafeic Acid

Cafeic acid 4-O-glucuronide

Dihydrodaidzein

A
S3

A
S5

A
S2

A
S6

FA
S4

FA
S5

FA
S2

FA
S6

FA
S1

FA
S3

A
S4

A
S1

2
1
0
-1
-2

subcluster_1

subcluster_2

subcluster_3

subcluster_4

subcluster_5

subcluster_6

subcluster_7

subcluster_8

subcluster_9

subcluster_10

HeatmapTree

(b)

Figure 11: Te heatmap of diferential metabolites. (a) Total diferential metabolite. (b) Phenol diferential metabolite.
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state fermentation, the pH of fermentable can be kept stable
with a good fermentation efect [46]. However, diferent
fermentation substrates require diferent water contents, and
the optimized water content of 55% in this experiment was
favorable for the fermentation of A. senticosus to improve
the polyphenol content. Te appropriate fermentation
temperature is an important factor afecting the growth and
metabolism of the strain. Each microorganism has an op-
timum temperature for growth, and the mixed bacteria
fermentation system also has an optimum temperature,
below or above which the growth of microorganisms will be
inhibited and the metabolic rate will be reduced. Te results
of this study showed that 37°C was the optimum temperature
when A. senticosus had the best fermentation efect and the
highest polyphenol content. A suitable inoculum level en-
ables the strain to make full use of the substrate to react. A
higher inoculum level may accelerate the growth rate of the
strain, but at the same time, it will increase the rate of
nutrient consumption. A very high inoculum level generates
competition between strains that inhibit growth and re-
production, while a small inoculum level prolongs the time

required for the fermentation process and leads to in-
complete fermentation of the substrate. Te results of this
experiment showed that the inoculum level of 12.5% had the
best fermentation efect.

Metabolomics is an emerging technology for compre-
hensively analyzing the changes in metabolites of the
samples to be tested. It mainly analyzes and determines
metabolites by high throughput measurement methods such
as ultrahigh liquid chromatography-mass spectrometry and
uses relevant databases combined with appropriate statistical
methods to fnd out the diferent metabolites that perform
biological functions of the samples to be tested, to analyze
the reasons for their high active functions and lay the
theoretical foundation for better utilization of biological
resources [47]. Natural drugs containmany pharmacological
components, but plant fbres prevent the precipitation of
active ingredients [48]. Fermentation increases the digestion
of plant fbers and enhances the content of active ingredients
in natural drugs [49]. In this study, we performed a com-
prehensive analysis of A. senticosus before and after fer-
mentation. By using nontargeted metabolomics techniques,

Table 7: Analysis of critical metabolic pathways of AS and FAS.

Pathway description Pathway ID Match status Impact value p value
uncorrected

p value
corrected

Alanine, aspartate, and glutamate metabolism map00250 5|28 0.55 0.00000981 0.000239
Pyrimidine metabolism map00240 5|62 0.22428 0.000460605 0.005173
Arginine and proline metabolism map00330 3|72 0.200587 0.038940361 0.142132
Tyrosine metabolism map00350 4|60 0.146438 0.003706591 0.030065
Citrate cycle (TCA cycle) map00020 2|20 0.120419 0.020401536 0.106379
Phenylpropanoid biosynthesis map00940 5|62 0.110757 0.000460605 0.005173
Arginine biosynthesis map00220 4|23 0.105263 0.0000988 0.001443
Valine, leucine, and isoleucine biosynthesis map00290 3|23 0.102353 0.001968252 0.01796
Pyruvate metabolism map00620 2|28 0.09141 0.037094936 0.142523
Note.Te total importance score of the pathway and the total score are 1, which is calculated based on the relative position of metabolites in the pathway; p

value uncorrected: the enrichment signifcance of metabolite participation in the pathway; p value corrected: the corrected p value.
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we could not only quantify the known components but also
identify the components by spectroscopy. Te polyphenolic
content and antioxidant activity of A. senticosus were en-
hanced before and after fermentation compared to those of
A. senticosus.

Based on LC-MS untargeted metabolomics, we in-
vestigated the changes in metabolites before and after
A. senticosus fermentation. We used LC-MS, univariate
statistical analysis, and multivariate statistical analysis to
investigate the distribution and patterns of metabolites
before and after the fermentation of A. senticosus. PCA and
PLS-DA analyses in the anion and cation modes of the
samples before and after fermentation showed that the
duplicate samples were relatively clustered within the group.
Te samples showed a clear separation trend among the
groups.Trough the construction and analysis of PCA, PLS-
DA, and OPLS-DA models, a total of 601 secondary me-
tabolites were identifed in the anion and cation model and
238 diferent metabolites were identifed before and after the
fermentation of A. senticosus, mainly including lipids and
lipid-like molecules, organic acids and derivatives, organic
oxygen compounds, organoheterocyclic compounds, phe-
nylpropanoids and polyketides, nucleosides, nucleotides,
analog benzenoids, organic nitrogen compounds, alkaloids
and derivatives, lignans, neolignans, and related com-
pounds. Te hierarchical clustering analysis of diferential
metabolites showed that the clustering of metabolites in both
FAS and AS groups was divided into two major clusters,

representing diferential metabolites in AS before and after
fermentation, with more than 60% diferential metabolites
with up-regulated expression compared to the
unfermented group.

5. Conclusions

In this experiment, we used RSM to screen and optimize the
optimal process for solid-state fermentation of A. senticosus:
fermentation temperature of 37°C, fermentation time of
60 h, inoculum level of 12.5%, and water content of 55%.
Under optimal conditions, the polyphenol content in
A. senticosus was increased by 40% after fermentation.
Subsequently, LC-MS untargeted metabolomic analysis was
combined with multivariate analysis to systematically reveal
the metabolic profle changes of A. senticosus during solid
fermentation. A total of 601 major metabolic components
were identifed, 57 of which were phenolics. It was con-
frmed that probiotic fermentation had diferent efects on
the content of secondary and primary metabolites of
A. senticosus. Tis study further verifed the feasibility and
scientifc validity of microbial fermentation of A. senticosus,
theoretically supported that the active components and
metabolites of A. senticosus changed signifcantly after fer-
mentation, provided a new research strategy to elucidate the
synergistic mechanism of microbial fermentation of
A. senticosus, and ofered new research ideas for the com-
prehensive development and utilization of A. senticosus.

DifSet_mix

Secondary metabolites

Figure 15: Metabolomics analysis in iPath.
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