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Abstract: Chinese herbal medicine has attracted increasing attention due to its therapeutic effects. It
demands increasing understanding of the processing methods and the generated changes to control
quality and offer better final products. In this study, extraction differences were compared among
direct plant extracts (DE), standard decoction (SD), spontaneous fermentation (SF) and inoculated
sequential fermentation (IF). Results showed that the extraction with the transformation of probiotics
positively contributed to the release of functional compounds from Chinese herbs. It provided the
strongest antioxidant capacity and the best amino acid profile. The flavor and the compositions of the
herbal decoctions were further characterized. Distinctive volatile differences were found, indicating
that the different treatments profoundly altered the spectrum of volatile components. The most
aromatic changes were in the IF group, which corresponded with the greatest number of upregulated
and the lowest number of downregulated differential compounds. Beneficial intestinal microbiota
with voluntary intake of herbal tea suggested a possible positive metabolism shift in the healthy host.
In conclusion, the combination of enzymatic hydrolysis and sequential fermentation provided better
extraction efficiency than direct plant extraction and traditional herbal decoction. It may enable a
broader utilization of traditional Chinese herbs as potential nutrient supplements, such as antibiotic
alternatives in animal husbandry.

Keywords: fermentation; HS-GC-IMS; traditional Chinese herbs; volatile components; intestinal
microbiota; herbal composition

1. Introduction

The misuse and overuse of antibiotics in animal husbandry and their resulting release
into the environment have gained increasing attention due to their serious health and
social consequences [1]. As the largest producer and user of antibiotics, China started to
ban antibiotics in animal feed in 2020. Due to their pharmaceutical and biodegradable
value, traditional Chinese herbs (TCM) can be used as potential antibiotic alternatives
and nutrient supplements in animal production. Medicinal food plants, as an essential
part of the TCM, are well recognized, and have been long before the popularization of
functional food and nutraceuticals [2]. They can easily be integrated into daily feeding
regimens to enhance animal health, answering the urgent need for effective alternatives
to antibiotics in animal feeds. The use of herbal crude powder, herbal extracts, herbal
polysaccharides, herbal feed additives, herbal residue treatment, etc., are the common
approaches to herbal application [3–5]. However, the direct addition of ultrafine herbal
powder to animal feed can lead to an unpleasant taste and limited nutritional absorption.
The herbal powder may even be toxic [6]. According to Fu [7], the median oral lethal
dose of the powder and decoction of Asari Radix et Rhizoma was 4.8 g/kg and 240 g/kg
for mice, respectively. On the other hand, the herbal decoction is generally considered

Appl. Sci. 2023, 13, 2154. https://doi.org/10.3390/app13042154 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13042154
https://doi.org/10.3390/app13042154
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app13042154
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13042154?type=check_update&version=2


Appl. Sci. 2023, 13, 2154 2 of 16

safe. It enhances feed palatability, increases medicinal efficiency, and reduces toxicity [3,8].
Works to prove the efficacy of using Chinese herbs have been undertaken in many animal
trials [9,10]. Positive effects include improved animal growth performance, as well as
increased animal immune systems and intestinal health [8,9]. Interestingly, the synergistic
effects of herbal mixture could exert higher efficiency than a single herb application, even
though the molecular mechanism is not clear [11]. Bioactive compounds from herbs are
categorized into flavonoids, saponins, polysaccharides, etc.

Modern fermentation of TCM mediated by probiotics enriches bioactive compounds,
improves herbal efficacies, prevents contamination, etc. [12]. Isolation of functional com-
pounds from herbs is usually performed through extraction in water and/or ethanol.
Hydrophilic compounds, mostly water-soluble polysaccharides, are present in the water
extract, while hydrophobic compounds (flavonoids, terpenoids, saponins, etc.) are present
in ethanol/methanol extract [13]. On the one hand, herbal decoctions, infusions, and
beverages are gaining popularity [14,15], on the other hand, regulation of herbal decoctions
and their consumption is limited. Therefore, it demands increased understanding of the
processing methods in producing the herbal decoctions [16].

Chemical changes and the flavor characteristics are of importance for herbal efficacy,
palatability, and acceptance. Ultra-performance liquid chromatography coupled with mass
spectrometry (UPLC-MS/MS) is often used to identify and quantify the components of
herbal medicine [17]. Considering that gas chromatographic columns coupled with ion
mobility spectrometry (IMS) provides higher separation ability, faster response, better
sensitivity, simpler sample treatment, and more efficiency, gas chromatography (GC)- IMS
is suitable for establishing the volatile fingerprints of complex herbal samples [18]. Analysis
results are displayed in color contour plots for easier visualization. Together with UPLC-
MS/MS, comprehensive information of the herbal decoctions is possible to gain, from
compositional and aromatic aspects.

Like other fermented products, the herbal products used for animals also require
information on product quality and functionality. Different methods of herbal processing
and extraction could bring about various compositions of substances [19,20]. To our
knowledge, there are not many works focused on studying the dual effect of enzymatic and
sequential fermentation pretreatments on dietary herbal complexes. An initial evaluation
of enzymatic treatment and sequential fermentation in dietary herbs is needed before the
practice of herbal nutrient supplements in animal farming. For this reason, we compared
and evaluated the functional properties of Chinese herbal decoctions made from different
processing methods (e.g., DE, SD, SF, and IF).

2. Materials and Methods
2.1. Herbal Materials

The dried crude herbs used in this study were provided by a local registered pharma-
ceutical company in Shaanxi province for quality reasons. The elaborate formula optimized
from a Chinese patent (register number CN100366280C) included homology of medicine
and food materials such as green tea (Camellia sinensis), kudzu root (Pueraria lobata), yam
(Dioscorea polystachya Turcz.), hawthorn (Crataegus oxyacantha L.), Juhua (Chrysanthemum
morifolium Ramat.), mulberry leaf (Morus alba L.), corn (Zea mays L.) whisker, liquorice (Gly-
cyrrhiza glabra L.), Polygonatum sibiricum Red., cassia seed (Cassia obtusifolia L.), wolfberry
(Lycium barbarum L.), bitter gourd (Momordica charantia), honeysuckle (Lonicera caerulea L.),
and lotus leaf (Nelumbo nucifera Gaertn). Their medicinal effects are recorded in the Chinese
Pharmacopoeia (2020 edition). Fine powders were made by an herbal grinder (particle size
ca. 1.0 mm) at an equal weight ratio.
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2.2. Preparation of Herbal Decoctions

For a realistic practice [21], the standard decoction was prepared by covering the herbs
with fresh drinking water in a ceramic pot (volume ratio = 1:2), bringing to a boil over high
heat, then reducing heat to medium and continuing to boil the herbs for approximately
30 min. The resulting liquid is strained and set aside as the first dose. Then, the previously
cooked herbs are covered again with water (2:1), boiled, and the strained liquid is added to
the first dose. The final decoction was filtered through a 45-µm pore size filter.

2.3. Sample Preparation

The dual effects of enzymatic treatment and sequential fermentation on dietary herbs
were compared by setting up four groups (Table 1): direct plant extraction (group #1), stan-
dard decoction (group #2), spontaneous fermentation (group #3), and sequential inoculated
fermentation (group #4).

Table 1. Experimental setup and corresponded treatments.

Treatment (Group ID) Extraction Procedure Final
Concentration

Direct extraction (DE,
#1) Ethanol maceration, then hot water decoction 1 kg/L

Standard decoction
(SD, #2)

Water maceration with enzymes, then hot water
decoction 1 kg/L

Spontaneous
fermentation (SF, #3)

Water maceration with enzymes, then ferment
with endogenous microorganisms, hot water

decoction
1 kg/L

Inoculated
fermentation

(IF, #4)

Water maceration with enzymes, hot water
decoction, filtration to separate herbal residue,

herbal solution ferment with probiotic inoculums
1 kg/L

In group #1, direct plant extraction was based on aqueous ethanol. The air-dried powder
mixture (1 kg) was firstly soaked with 90% ethanol (10 L). Then, the remaining residue was
decocted twice with water for 30 min each, as it was prepared in the standard decoction.

In group #2, mixed herb powders (1 kg) were soaked in water (volume ratio = 1:4)
mixed with enzymes for 2 h at pH 5, 45 ◦C. The enzymes were cellulase 2 g/L (w/v)
(enzyme activity > 15,000 u/g), pectinase 2 g/L (w/v) (enzyme activity > 10,000 u/g),
and amylase 2 g/L (w/v) (enzyme activity > 10,000 u/g). After filtration, a 1 L decoction
volume was prepared using the standard decoction method.

In group #3, the first step was performed with the same enzymatic pretreatment as
described in group #2, then the mixture was set aside to undergo spontaneous fermentation
for 27 days at 18–20 ◦C. After fermentation, the final samples were prepared in standard
decoction, condensed into 1 L.

For inoculated fermentation (group #4), herb powders (1 kg) first underwent the same
enzymatic pretreatment and decoction as the standard decoction, same as described in
group #2. Then a filtration step was taken to dispose herbal residue. Herbal solutions
without residue were used as the culture medium for fermentation with the addition of 2%
brown sugar and 2% cane sugar. The starter culture for each fermentation step was with, in
inoculation order, 1 × 107 colony forming units/mL each of yeast, acetic, and lactic acid
bacteria for a total process time of 27 days at 30 ◦C for yeast (6 days) and 37 ◦C for bacteria
(6 days for acetic bacteria and 15 days for lactic acid bacteria). The culture was sterilized
at 115 ◦C for 15 min in between the two fermentation stages. After fermentation, the final
samples were sterilized, condensed into 1 L, and kept at 4 ◦C until analysis. Fermentation
flasks were autoclaved and the preparation room was fumigated with ozone for sanitary
reasons before use.
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2.4. Strains and Culture Conditions

The strain and culture information for yeast, acetic bacteria, and Lactobacillus bacteria
was the same as reported earlier [22]. In brief, a three-step fermentation was carried out
with Saccharomyces cerevisiae Hansen (GIM2.137, Guangdong Microbial Culture Collection
Center, Guangdong City, China), Acetobacter pasteurianus (BNCC335801, BeNa Culture
Collection, Beijing, China), and a mixture of Lactobacillus acidophilus, Lactobacillus plantarum,
and Lactobacillus paracasei (VEGE 011 LY0 and 100 DCU, DANISCO).

2.5. In Vitro Antioxidative Assays

The antioxidant activities were characterized using a DPPH free radical scavenging
assay, hydroxy radical (•OH) assay, superoxide dismutase (SOD) activity measurement,
and total phenolic (TP) content determination, the same as described earlier [22].

The DPPH scavenging activities were measured as follows: 2.0 mL of 0.04 mg/L fresh
DPPH ethanolic solution (Shanghai Macklin Ltd., China) was added to a mixture of 1 mL
sample, 1 mL double distilled water (ddH2O), and incubated for 30 min in dark. The
absorbance of the mixture was measured at 517 nm and blanked with the control. The
control was carried out with water or ethanol instead of the tested sample and methanol
instead of DPPH was used as blank. The radical scavenging ability was shown as %
inhibition per 0.1 mL using the formula: Inhibition% = (control absorbance − sample
absorbance)/control absorbance × 100.

Scavenging potential of •OH procedure: The 3.0 mL reaction mixture contained 1.0 mL
of 1.5 mM FeSO4, 0.7 mL of 6 mM hydrogen peroxide, 0.3 mL of 20 mM sodium salicylate
(Lingfeng, Shanghai), and 0.3 mL of the sample. After incubation for 1 h at 37 ◦C, the
absorbance of the hydroxylated salicylate complex was measured at 510 nm. The •OH
quenching activity (E%) was calculated using the equation: E (%) = [Ax − (Ay − Az)]
÷ Ax × 100, where Ax is the control absorbance of ddH2O (without sample), Ay is the
absorbance in the presence of sample, and Az is the absorbance without sodium salicylate.

SOD activity was measured according to national guidelines in China (GB/T5009.171-
2003) using the pyrogallol autoxidation method, monitored spectrophotometrically at
325 nm. Inhibition of pyrogallol reduction to 50% of maximal is defined as 1 U of SOD
activity, and enzyme activity was expressed in units per mL of sample.

The TP content was measured using the Folin–Ciocalteu method. Gallic acid (Tanmo,
Quality Inspection Ltd. Beijing, China) was used as the reference compound to calibrate the
TP content. The standard curve was constructed using gallic acid in 95% ethanol at various
concentrations. The Folin–Ciocalteu reaction included 0.1 mL sample, 0.9 mL ddH2O, and
2 mL Folin–Ciocalteu reagent. After 3 min, 2 mL of 10% (w/v) Na2CO3 was added into
the reaction mixture and incubated for 1 h at 25 ◦C. The absorbance of the mixture was
measured at 760 nm against distilled water on a UV spectrophotometer. The TP content
was expressed as µg/mL gallic acid equivalents.

2.6. Analysis of Volatile Compounds

Volatile components and flavor fingerprints from samples with different treatments
(in triplicates) were determined by HS-GC-IMS (FlavourSpec®, Dortmund, Germany). The
sample (2 mL) was transferred to a 20 mL headspace vial and incubated at 60 ◦C for 15 min.
The operating conditions are shown in Table 2. E1 (drift gas, nitrogen, 99.999% purity) was
kept at 150 mL/min, E2 (carrier gas) was adjusted to 2 mL/min for 2 min while recording
the data, 2 mL/min for 2 min, and increased to 100 mL/min until the first sample reading
was over (20 min). The chromatographic data were analyzed using Laboratory Analytical
Viewer with the dynamic principal component analysis plug-ins, gallery plot analysis, and
GC×IMS Library Search. Peak height (intensity), retention time, and drift time are the three
key parameters to allocate volatile compounds in the spectra. The red vertical line shows
the position of the reactive ion peak, which is used to normalize the drift time of volatile
compounds. Dots on the dark blue background represent the identified volatile compounds
in the sample. The compound’s concentration is linked to the brightness of the dots.
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Table 2. Operating conditions of the HS-GC-IMS system.

HS-GC-IMS Unit Parameters

Analysis time (sample reading) 20 min
Chromatographic Column Type MXT-5, 15 m × 0.53 mm × 1 µm

Column temperature 60 ◦C
Drift gas/carrier gas N2 (99.999% purity)

IMS temperature 45 ◦C
Sample injection volume 200 µL

Incubation time 15 min
Incubation temperature 60 ◦C

Temperature of the injection syringe 65 ◦C
Rotary incubation speed 500 rpm

2.7. Examination of Total Flavonoids, Saponins, and Crude Polysaccharides

According to general analytical methods of total flavonoids in beverages (Chinese
national guideline, GB/T 12143-2008), a sample comprising 0.5 mL was mixed with 1.5 mL
of 95% ethanol and 0.1 mL of 1 M NaNO2. After incubation for 5 min, an additional 0.5 mL
of 0.3 mol/L aluminum chloride (AlCl3) and 4 mL of 1 mol/L sodium hydroxide solution
(NaOH) were added and allowed to react for 15 min, after which the absorbance was
measured at 510 nm. The total flavonoid concentration was calculated using a standard
curve based on authentic rutin (purity ≥ 98%, Nanjing Jingzhu Biotechnology Co., Ltd.,
Nanjing City, China).

Determination of saponins performed was according to the Chinese national guideline
T/AHFIA 004-2018. A sample comprising 5 mL was filled to a volume of 50 mL with
70% ethanol (v/v) and placed at 60 ◦C for 4 h or until died out. The residue was then
neutralized with 0.4 mL 5% vanillin/glacial acetic acid (w/v) and 1.6 mL 72% perchloric
acid. The mixture was transferred to a 10 mL colorimetric tube and heated for 20 min
at 70 ◦C in a water bath, cooled on ice for 2 min, and combined with 5 mL glacial acetic
acid before measuring the absorbance at 545 nm. The saponin content was calculated
using a standard curve based on authentic ginsenoside Re (purity ≥ 98%, Shanghai Yuanye
Biological Technology Co., Ltd., Shanghai Ctiy, China).

For the measurement of crude polysaccharides, samples comprising 5 mL were mixed
with 20 mL of 95% (v/v) ethanol, vigorously stirred, and ultrasonically extracted for 30 min.
The precipitate was collected after centrifugation at 5000× g for 10 min and then washed with
10 mL 95% (v/v) ethanol. The obtained precipitate was re-dissolved in 50 mL of distilled water
and extracted in a boiling water bath for 2 h. The supernatant was collected after removing the
precipitate and transferred to a 100 mL volumetric flask. The precipitate was washed twice
with water and the washing liquid was transferred to the same 100 mL volumetric flask. Then,
1 mL liquid out of this 100 mL constant volume was diluted to 20 mL and the absorbance was
measured at 490 nm. The content of crude polysaccharides was calculated according to the
standard curve using the formula Y = 2.2607X − 0.0051, R2 = 0.999.

2.8. Measurement of Amino Acids

Each sample (10 mL) pre-mixed with methanol (1 mL) was subjected to ultrasound for
3 min, statically incubated for 5 min, and then centrifuged at 13,200× g for 15 min at 4 ◦C.
The supernatant was diluted ten times and 100 µL of the dilution was further mixed with
100 µL of IS solution (100 ppb) for amino acids.

Amino acids were measured using an Acquity UPLC system equipped with AB 4000
mass spectrometer (Waters, Milford, MA, USA). The basic equipment setting was the same
as described in a previous publication [23]. The separation procedure was performed with
some modifications. The mobile phase consisted of water/methanol (90:10) with 0.1% (v/v)
formic acid (eluent A) and water/methanol (50:50) with 0.1% (v/v) formic acid (eluent B).
The gradient elution started with 10% B for 0 min; ramped to 30% of B within the next
6.5 min; ramped to 100% of B in 7 min; kept at 100% of B until 8 min and dropped to 10% B
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at 8.5 min at a flow rate of 0.3 mL/min; followed by a final hold at 10% of B until 12.5 min.
MS detection performed was with the ion source voltage at 5.5 kV, 500 ◦C.

2.9. Untargeted Metabonomic Analysis

Herbal decoctions from the four treatments were subjected to the UHPLC-MS analysis.
A Vanquish UHPLC System (Thermo Fisher Scientific, Waltham, MA, USA) and an ACQUITY
UPLC® HSS T3 (150 × 2.1 mm, 1.8 µm) (Waters, Milford, MA, USA) were used. For LC-ESI
(+)-MS analysis, the mobile phases consisted of (B2) 0.1% formic acid in acetonitrile (v/v)
and (A2) 0.1% formic acid in water (v/v). Separation was conducted under the following
gradient: 0~1 min, 2% B2; 1~9 min, 2%~50% B2; 9~12 min, 50%~98% B2; 12~13.5 min, 98% B2;
13.5~14 min, 98%~2% B2; 14~20 min, 2% B2. For LC-ESI (-)-MS analysis, the analytes were
carried out with (B3) acetonitrile and (A3) ammonium formate (5 mM).

Mass spectrometric detection of metabolites was performed on a Q Exactive Focus
(Thermo Fisher Scientific, Waltham, MA, USA) with an ESI ion source. Simultaneous MS1
and MS/MS (Full MS-ddMS2 mode, data-dependent MS/MS) acquisition was used. The
parameters were as follows: sheath gas pressure, 30 arb; aux gas flow, 10 arb; spray voltage,
3.50 kV and −2.50 kV for ESI (+) and ESI (−), respectively; capillary temperature, 325 ◦C; MS1
range, m/z 100–1000; MS1 resolving power, 70,000 FWHM; number of data-dependent scans
per cycle, 3; MS/MS resolving power, 17,500 FWHM; normalized collision energy, 30 eV.

2.10. Animals and Treatments

Five-week-old male C57BL/6 mice were purchased from the Laboratory Animal
Center of Xi’an Jiaotong University. The animals were housed in cages at a controlled
temperature of 23 ± 3 ◦C with a 12/12-h light/dark cycle and with free access to food
and water (protocol code DK2021036, 2021). After 7 days acclimatization, 20 rats were
randomly grouped into two treatment groups (n = 10): the regular control group (RC)
and the regular group with herbal tea (Rh). Feces samples were collected and saved for
the gut microbiota analysis. A gavage administration with feeding needle was replaced
by voluntary intake of herbal tea in this study. Herbal tea was mixed in a 3:1 ratio of
water and herbal decoction (from group #4), then the sugar and sour ratio was adjusted
close to 23:1 using rare sugar D-psicose (purity 99%) and mogroside V (purity 50%) for a
better acceptance and the minimum interfere of the metabolism in mice. The final usage of
D-psicose and mogroside V was 2% (wt/wt) and 3% (wt/wt), respectively.

2.11. Gut Microbiota Analysis

Genomic DNA was extracted using Tiangen stool DNA kit (Beijing, China). Sequenc-
ing work was performed using the Illumina NovaSeq platform according to the standard
procedure. The microbial 16S rRNA gene was amplified with a front primer (ACTCC-
TACGGGAGGCAGCA) and a reverse primer (GGACTACHVGGGTWTCTAAT). Technical
support was provided by BioNovoGene (Suzhou, China). Sequences were analyzed using
QIIME2 (version 2019.4) and visualized using R or Python.

2.12. Statistical Analysis

All data were analyzed using Prism 8.0 software (GraphPad, CA, USA) and expressed
as the mean ± standard deviation (SD). Differences with p-values ≤ 0.05 were considered
statistically significant (* p < 0.05, ** p < 0.01).

3. Results
3.1. Determination of Functional Components

As dietary supplements, edible medicinal plants are usually used in the form of de-
coctions. We envisioned that multistep fermentation would lead to the joint extraction of
both hydrophilic and hydrophobic compounds. The content of functional components
(flavonoids, saponins, crude polysaccharides) in herbal broth from the four different treat-
ments is shown in Table 3.
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Table 3. Contents of functional components in herbal broth from the four different treatments.

Sample ID Flavonoids (g/kg) Saponins Re (%) Crude Polysaccharide (g/L)

#1 0.56 ± 0.12 5.50 ± 0.70 0.93 ± 0.10
#2 4.27 ± 0.33 ** 39.02 ± 2.19 ** 6.54 ± 0.34 **
#3 1.77 ± 0.18 ** 1.61 ± 0.21 ** 3.91 ± 0.11 **
#4 4.07 ± 1.05 ** 25.30 ± 2.26 ** 7.50 ± 0.85 **

Note: The data represent the means ± SD (n = 3); ** p < 0.01.

Simple direct plant extraction (group #1) was found to be not so effective, with lowest
yields of flavonoids (0.56 ± 0.12 g/L), saponins (5.50 ± 0.70%), and crude polysaccharides
(0.93 ± 0.10 g/L). Bioactive compounds were enriched the most after enzymatic hydrolysis
in group #2, up to 7 times compared to group #1. Group #2 and #4 gave similar yields
in this experiment. The extraction step with the transformation of probiotics in group
#4 contributed positively to the release of functional compounds, while spontaneous
fermentation (group #3) led to a loss of flavonoids, saponins, and polysaccharides, as
evidenced by a comparison of samples from groups #2, #3, and #4. These differences
may result from additional compounds brought about by the probiotics transformation
from herbal decoctions, or the synergistic contribution of phytochemicals in the herbal
extracts [24] other than from the herbal residues. As we compare the difference of various
herbal decoctions, further isolation and purification of any antioxidant compounds would
not to be necessary here. Maceration with enzymes for 2 h was sufficient to provide a good
extraction yield of herbal powders.

3.2. Determination of Amino Acids

Many herbs are rich in essential amino acids and can be used as an alternative source of
amino acids in animal feed supply [25]. An ideal combination of essential and non-essential
amino acids caters to different animal varieties at their corresponding growth stages. The
complete amino acid profile of the herbal samples from different treatments is reported in
Figure 1.
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Figure 1. Compositions of essential (a) and nonessential amino acids (b) in the four treatment groups.
**, p < 0.01, *, p < 0.05.

The total concentration of essential amino acids differed significantly between all treat-
ments (p < 0.01). Groups #2 and #4 had a richer essential amino acid profile than the other
two groups. Group #1 had the fewest essential amino acids, reaching only 6.47 ± 0.51 µg/mL.
Group #2 showed the highest content of essential amino acids (222.33 ± 43.47 µg/mL). Group
#3, with autochthonous microorganisms (75.86 ± 1.27 µg/mL), and group #4, with inoculated
fermentation (184.01 ± 20.71 µg/mL), showed a reduction in essential amino acids compared
to group #2. This is not surprising since free amino acids act as substrates for microorgan-
ism growth and can also be converted into aroma compounds by lactic acid bacteria [26].
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Compositionally, the main essential amino acids in group #2 were leucine, lysine, tryptophan,
phenylalanine, and valine. The main amino acids in group #4, from highest to lowest content,
were lysine, leucine, valine, tryptophan, isoleucine, phenylalanine, histidine, and methionine.

The total concentration of non-essential amino acids was 11.35 ± 0.71 µg/mL in
group #1, 400.60± 35.57 µg/mL in group #2, 140.06 ± 16.66 µg/mL in group #3, and
210.06 ± 24.39 µg/mL in group #4 (p < 0.01). The amount of asparagine in group #2
was 112.57 ± 8.40 µg/mL, 26.68 times higher than in group #4, in which it was only
4.22 ± 0.21 µg/mL. In addition to asparagine, glutamate (78.23 ± 8.30 µg/mL), alanine
(51.00 ± 4.10 µg/mL), and proline (45.29 ± 3.40 µg/mL) were the top three most abundant
non-essential amino acids in group #2. The same order of abundant non-essential amino
acids was found in group #3, but at lower concentrations. In group #4, the top three non-
essential amino acids were alanine (51.25 ± 7.20 µg/mL), proline (38.97 ± 5.40 µg/mL),
and glutamate (32.38 ± 2.50 µg/mL).

The amino acid requirements for different farm animals are not identical. Lysine,
threonine, and methionine are generally considered to be the key limiting amino acids for
the postprandial muscle protein synthesis response [25]. Methionine was not detected in
group #2, but it was detectable in group #4. The ratios of essential to total amino acids in
this study were 0.36 (group #1), 0.36 (group #2), 0.35 (group #3), and 0.47 (group #4). The
ratios of essential to non-essential amino acids were 0.57 (group #1), 0.55 (group #2), 0.54
(group #3), and 0.88 (group #4). The ratio of essential to non-essential amino acids (0.88)
and essential to total amino acids (0.47) was highest in group #4. It is also higher than the
FAO/WHO standard [9,27]. The optimal ratio of essential to non-essential amino acids is
approximately 1.0 in feeds [28]. Based on the compositional analysis, group #4 was the
best among the four treatments. These results indicate that group #4 has good potential
for use as a feed additive. Given the cost, safety, and environmental aspects, microbial
transformation is an ecologically sound strategy that deserves further study.

3.3. Determination of Flavor Profiles and Herbal Compositions from Different Treatments

• Volatile Gallery Plot and the Herbal Compositions of Samples with Enzymatic Hy-
drolysis

HS-GC-IMS was used to acquire sample information with different processing meth-
ods. Selected regions in the gallery plot of Figure 2 represent highly concentrated compo-
nents in either of the samples after enzymatic hydrolysis. Different treatments of decocting
(#2), SF with residue (#3), and IF without residue (#4) generated different volatile com-
pounds. It is proved that different fermentation modes have distinctive volatile profiles
depending on the microorganisms involved [29]. Three sample groups of #2, #3, and #4
were well spread on the principal component analysis which accounted for 48% (PC2) and
51% (PC1) of the cumulative variances. Samples from SF with residue (#3) delivered a
higher degree of deviation than the other two groups.

Fifteen volatile compounds in group #2, twenty-seven volatile compounds in group
#3, and twenty volatile compounds in group #4 appeared in the topographic plot. These
compounds were further categorized in groups in Figure 3a. The relative content of
volatile compounds in group #2 was mostly assigned to aldehydes (58.53% of the total)
and ketones (22.30% of the total). Under the influence of microorganisms, aldehydes
and ketones in the unfermented decoction (group #2) were reduced to form esters and
alcohols in groups #3 and #4. There was a higher number of aldehydes in group #3
than in group #4. In addition to enzyme oxidation, in Strecker degradation (heat during
decoction) and microbial metabolism, aldehydes come partially from amino acids [30]. This
corresponded to the amino acid analysis, in which group #3 had lower concentrations of
amino acids than group #4. Higher ketone concentrations were observed in groups #2 and
#4, suggesting a higher degree of oxidation of fatty acids in both treatments due to heating
and fermentation [31]. Compounds such as furan and pyrazine, which are the result of
Maillard reactions and Strecker degradation in the heating process [32], were also found in
this study.
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Figure 3. Comparative analysis of the relative contents (%) of volatile compounds in herbal broth sub-
jected to enzymatic hydrolysis and fermentation. (a) Effect of enzymatic hydrolysis and fermentation;
(b) Comparison of direct plant extraction and probiotic fermentation.

• Herbal compositions were identified by UHPLC-Q-TOF/MS. There were 115 com-
pounds upregulated and 241 downregulated when comparing group #3 to group
#2; 226 compounds were upregulated and 169 were downregulated when compar-
ing group #4 to group #2. With different fermentation strategies in group #3 and
group #4, 277 compounds were upregulated and 80 downregulated. These differential
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compounds were visualized in the volcano plots (p < 0.05, FC > 1.2 and VIP > 1,
Figure 4).
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• Volatiles and Differential Compounds from Direct Plant Extraction and Probiotic
Fermentation

Distinctive differences in volatile compounds were found in groups #1 and #4, indicat-
ing that the different treatments profoundly altered the spectrum of volatile components
(Figure 5). Fifteen volatile compounds, mostly aldehydes, increased noticeably in group #1.
Forty-one volatile compounds in group #4 increased significantly. As shown in Figure 3b,
the relative content of volatile compounds in group #1 was mostly attributed to aldehydes
(45.24% of the total) and ketones (39.35% of the total). This profile was shifted to relatively
high proportions of aldehydes (32.34%), alcohols (19.29%), ketones (17.42%), and esters
(22.93%) in group #4 after sequential probiotic fermentation. Lactobacillus species were
reported to catalyze the esterification of short-chain fatty acids with diverse alcohols [26].
Esters and alcohols positively influence product quality and palatability, whereas aldehydes
and ketones give an acrid flavor and reduce product quality [33]. Therefore, we assume
group #4 would offer a better acceptance based on volatile metabolites.
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Compositionally, there were 556 differential compounds from group #1 (control group)
and #4 (p < 0.05, FC > 1.2 and VIP > 1). Among these, 530 compounds were identified to
be upregulated and 26 were downregulated (Figure 4). The top 5 screened metabolites
with the most log 2 (fold change) were lubiprostone, taurocholic acid, penta porphyrin I,
deoxycorticosterone acetate, and 4-hydroxyisophthalic acid. Lubiprostone is reported for
treating functional constipation [34], taurocholic acid for immunoregulation [35], penta
porphyrin I for being an indicator of metal exposure [36], deoxycorticosterone acetate for
inducing diastolic dysfunction [37], and 4-hydroxyisophthalic acid for good antioxidant
potential [38]. Assessment of these metabolites as dietary inputs will be explored in our
follow-up work on host metabolism.

3.4. Antioxidant Capacities of Different Herbal Treatments

The antioxidant capacity of Chinese herbs is fundamental to their efficacy, and, there-
fore, utilization. Some workers compared the most common medicinal plants according
to their antioxidant capacities and total phenolic contents [39]. In this study, joint use
of enzymes and sequential transformation of probiotics (group #4) gave the strongest
antioxidant capacity (Figure 6) in terms of SOD activity, DPPH radical, and hydroxyl
radical scavenging activities, and total phenolic content (p < 0.01). Meanwhile, there
was no significant difference among groups #1, #2, and #3. Like the result for functional
components, group #1 presents the minimum values in terms of all four antioxidants
among different herbal decoctions. Group #3 showed higher antioxidative potential than
groups #1 and #2, but with lower contents of functional components than group #2. This
result indicted that fermentation could bring better antioxidant properties to the herbal
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decoction. Probiotic fermentation has better performance than spontaneous fermentation
with endogenous microorganisms.
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The increased antioxidant activity of group #4 could correspond to a high content of
phenolics, flavonoids, saponins, and polysaccharides in the herbal decoction. The enrich-
ment of phenolic contents and elevated antioxidant capacities is due to mixed probiotic
fermentation by Lactobacillus strains [40]. Other than that, biotransformation with lactic
acid bacteria may also bring new properties through the fermentation process [41,42]. In
practical uses, antioxidant capacity varies in different herbal formulations [43].

3.5. Gut Microbiota Analysis

Bioactive compounds from herbal tea such as polyphenols and polysaccharides could
be utilized by gut microbiota without breaking down in the digestion process. To compare
gut microbiota between healthy subjects (RC) and healthy subjects with voluntary daily
herbal intake (Rh), a pilot study was carried out using herbal tea made from the herbal
decoction that underwent inoculated fermentation (IF, group #4). It possessed the best
performance from above evaluations. The top 5 phyla and top 20 genera with high relative
abundance based on the selection criteria LDA > 2, p < 0.05 are shown in Figure 7.
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At the phylum level (Figure 7a), the relative abundance of major microbiota in RC
were Bacteroides (30.88%) and Firmicutes (59.58%). With the herbal intake, it brought
more Bacteroides (40.99%) and fewer Firmicutes (50.00%). The Firmicutes to Bacteroidetes
(F/B) ratio was 1.93 in the RC group and reduced to 1.22 in the Rh group. The F/B
ratio is frequently considered as a relevant marker of intestinal health or dysbiosis [44].
Actinobacteria decreased from 5.20% in the RC group to 3.99% in the Rh group. As Firmicutes
absorb more calories from food than Bacteroidetes, a reduced F/B ratio in the Rh group
indicated a beneficial effect of herbal tea intake. Bacteroidetes could promote health through
breaking down brown fat in the system [45]. The majority Firmicutes and Bacteroidetes,
together with the minority Actinobacteria, maintain gut homeostasis at the taxonomic
level [46]. Elevated proportions of Proteobacteria (4.37%) in the Rh group, compared with
that in the RC group (1.49%), suggested a greater involvement at the genetic level, since
low abundant Proteobacteria tend to keep gut function healthy through variable genes [47].

At the genus level (Figure 7b), the Rh group showed decreased relative abundance
in the seven genera of Atopostipes, Bifidobacterium, Lactobacillus, Sporosarcina, Akkermansia,
Prevotella, and Coprococcus, compared to that of the RC group. Research has proven that
Atopostipes, Sporosarcina [48], Akkermansia [49], Bifidobacterium [50], Lactobacillus [51], Pre-
votella [52], and Coprococcus [53] are all beneficial for enhancing gut health. Three genera
of Allobaculum, Jeotgalicoccus, and Turicibacter in the Rh group showed the most elevated
relative abundance. Allobaculum produces short-chain fatty acids of lactic and butyric acids,
which offers a protection for the intestinal barrier [54]. The genera of both Jeotgalicoccus and
Turicibacter were associated with fatty acid degradation in the host [55,56]. Based on these
alterations in the gut microbiota, the influence of fermented herbal decoction on the host
metabolism is interesting and needs to be further investigated.

4. Conclusions

In this study, we compared and evaluated the functional properties of the Chinese
herbal decoctions made from different processing methods (e.g., DE, SD, SF, and IF.). Results
demonstrated that the combination of enzymatic hydrolysis and sequential fermentation
improves the final product quality. It provided a good extraction yield, the best amino acids
profile, and the strongest antioxidative potential. It also generated an enriched flavor with
an elevated number of esters and alcohols. The largest number of upregulated compounds
and the least number of downregulated compounds was found in IF compared to DE,
indicating a profound alteration brought about by probiotics. The health-promoting effect
of herbal tea made from IF on the gut microbiota was encouraging. Given these advantages,
this method is promising in the herbal production of functional nutrient additives such as
feed supplements, or herbal residue recycling.
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