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Conservation Technology Center, Guizhou Key Laboratory of Agricultural Biotechnology, Guizhou
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The dried leaves of Eucommia ulmoides Oliv., which have a high nutritional
value, are mainly used in both medicine and food. In this study, we
used Eucommia ulmoides leaf superfine powder as an additive in the
fermentation of glutinous rice (Semen Oryzae Glutinosae) to develop a
new healthcare product, Eucommia leaf sweet rice wine. The fermentation
conditions were optimized, and the nutrient value was evaluated through
analyses of metabolites, functional compositions, antioxidant capacity, and
antihyperglycemic, antihyperlipidemic, and antihypertensive abilities. The
metabolic analysis demonstrated that Eucommia leaf sweet rice wine
contained a large number of flavonoids and other metabolites. Eucommia
leaf sweet rice wine had higher contents of flavonoid (729.0 + 0.11 pg/q),
free amino acids (55.0 &+ 0.37ng/g), polyphenol (150.0 + 0.43.g9/g), and
polysaccharide (0.25 £+ 0.03g/g) than traditional sweet rice wine, with
increases of 14.7, 2.6, 6.8, and 6.3 times, respectively. In addition, an analysis
of antioxidant capacity in vitro revealed that Eucommia leaf sweet rice wine
had a high level of activity in scavenging 2, 2-diphenyl-1-picrylhydrazyl
(DPPH), superoxide anion, and hydroxyl radicals, as well as in reducing iron,
indicating that it was a strong antioxidant. Furthermore, Eucommia leaf sweet
rice wine had a high cholate binding capacity and could significantly inhibit
a-amylase, a-glucosidase, and angiotensin-converting enzyme (ACE) activity.
In conclusion, this study developed a new application of Eucommia leaf in
sweet rice wine fermentation and brewed Eucommia leaf sweet rice wine with
strong antioxidant activity and positive antihypertensive, antihyperglycemic,
and antihyperlipidemic effects in vitro. This study suggests new opportunities
for the wider use of Eucommia ulmoides leaves and adds variety to sweet
rice wine.

KEYWORDS
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1. Introduction

Eucommia ulmoides Oliv. is a plant of the family
Eucommiaceae, which belongs to only one genus and is a
perennial dioecious deciduous tree (1). Eucommia ulmoides
leaf is a dried leaf of Eucommia ulmoides Oliv. (2). Eucommia
ulmoides leaves are used in both medicine and food and are
known for their health benefits and high nutrient content (3).
Polyphenols and flavonoids are some of the main effective
components of Eucommia ulmoides leaves (4, 5). They are
good functional food additives and have good antitussive,
expectorant, liver protection, antioxidation, and antiaging
effects (6, 7). Flavonoids are a type of plant pigment that has a
variety of health benefits. Since the human body cannot produce
these compounds, it is important to get them from plant
sources. Jia et al. extracted flavonoids from Eucommia ulmoides
leaves and proved that the flavonoids in Eucommia ulmoides
leaves had a stronger scavenging effect on hydroxyl free radicals
and superoxide anions (8). Therefore, Eucommia ulmoides
leaves have strong antioxidant activity due to the presence of
flavonoids. In pharmacological studies, Eucommia ulmoides
leaves contain cyclopropanoids, lignans, phenylpropanoids,
flavonoids, and ketocompounds; thus, they have a variety
of health benefits,
hypolipidemic,

such as hypoglycemic, hypotensive,
anti-inflammatory, neuroprotective, and
antiaging activities (9-11).

Sweet fermented rice wine, a traditional food in China, is
made from steamed glutinous rice (Semen Oryzae Glutinosae)
and fermented with sweet koji (12). The low-sugar contents of
sweet fermented rice wine are easily absorbed by the human
body and can quickly replenish energy and strengthen the
stomach and the spleen (13). There are currently numerous
healthcare products on the market that combine Chinese
medicinal ingredients with sweet rice wine used for both
medicinal and culinary purposes. Fu et al. used Taizi ginseng
and glutinous rice as the main raw materials, and the brewed
Taizi ginseng and glutinous rice sweet wine have a unique
taste and rich nutritional value (14). It has the advantage of
enhancing immune function, acting as an anti-fatigue agent,
and increasing appetite (15, 16). Li et al. developed Pueraria
lobata glutinous rice wine, which protects myocardial cells and
improves memory and antioxidation (17). These studies suggest
that the development of sweet rice wine that is good for health
has greatly improved the nutritional value of traditional sweet
rice wine.

In recent years, Eucommia ulmoides bark and Eucommia
ulmoides gum have been widely developed and applied; however,
the utilization rate of Eucommia ulmoides leaf is alarmingly low
(18). Eucommia ulmoides leaves have been used in gruel, tea,
and beverages (19, 20). However, the production of Eucommia
ulmoides leaf health products is conducted in a relatively
blind manner, the quality of the products is poor, and the
variety of the products is inadequate (21). In addition, people
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have increasingly paid attention to the use of non-natural
antioxidant products such as drugs and food additives. As a
natural plant with multiple functions, developing products from
Eucommia ulmoides leaves is significant. Based on this fact,
in this study, Eucommia ulmoides leaf superfine powder and
glutinous rice were used as raw materials for fermentation,
the fermentation processes were optimized, and the nutritional
value was evaluated to obtain a functional food with a unique
flavor. We believe that this study can not only improve the
nutritional value of sweet fermented rice wine but also show
that Eucommia ulmoides leaves can be effectively utilized. In
addition, we wish to provide a new perspective on the healthy
development of the Eucommia ulmoides industry.

2. Materials and methods
2.1. Materials

Fresh leaves of Eucommia ulmoides Oliv. were harvested in
June, and the Eucommia ulmoides leaf superfine powder (particle
diameter less than 50 um) was provided by Anshun Yucha
Village Tea Industry Co., Ltd. (Guizhou, China). Wuchang short
glutinous rice (japonica rice) was purchased from Wuchang
Degiang Rice Industry Co., Ltd. (Harbin, China). Angel Sweet
Liquor was obtained from Hubei Angel Yeast Co., Ltd.
(Hubei, China).

2.1.1. Eucommia ulmoides leaf superfine
powder processing

The fresh leaves of Eucommia ulmoides were collected, the
stems and leaves were separated after being steamed at 550°C,
the leaves were dried at 85°C, and the metal and foreign matter
were detected prior to packaging.

2.1.2. Eucommia leaf sweet rice wine
processing

First, an appropriate amount of glutinous rice was weighed
and rinsed in a clean container until there was no foreign
matter. Next, we filled a container with clean water two
times the amount of glutinous rice and allowed it to soak
for approximately 12h at room temperature until it could be
crushed by hand. Then, we drained the soaked glutinous rice and
steamed it in a steamer for 30 min. Second, the glutinous rice was
dispersed in pure water and allowed to cool to approximately
35°C, after which a certain proportion of Eucommia leaf
superfine powder and koji was added to the glutinous rice and
stirred well. We flattened the glutinous rice balls in a fermenter,
then poked a hollow in the middle of the container with a
stick and filled it with a certain proportion of pure water. The
sealed fermenter was fermented at a certain temperature in a
constant-temperature incubator, and the fermentation product
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was subsequently obtained. Finally, the product was placed in
a water bath at 75°C for water bath sterilization for 15 min to
obtain the new product.

2.2. Sensory evaluation and optimization
of fermentation processes

The flavor and taste of the new product were assessed
through sensory evaluation. In each test, 10 sensory evaluators
(five men and five women) evaluated and scored the product
separately. The sensory evaluation of the glutinous rice mixed
with Eucommia ulmoides leaves was based on four parameters:
smell, taste, color, and shape (for a full score of 100 points).

Four factors, fermentation temperature, fermentation time,
amount of koji, and amount of Eucommia superfine leaf
powder, were selected for single-factor analysis and a subsequent
Lo(4%) orthogonal experiment, combined with the sensory
evaluation so as to explore the optimal fermentation conditions
of Eucommia leaf sweet rice wine. Details are shown in the

Supplementary Tables.

2.3. Physical, chemical, and hygiene
index testing

The total sugar content was determined in accordance with
the anthrone-sulfuric acid colorimetric method, and the details
are shown in the Supplementary Tables. The content of total acid
(calculated as lactic acid) was determined, as reported by Wang
et al. (22); the alcohol content was determined using the alcohol
meter method, and the pH value was measured with a pH meter.

The lead content was determined using the procedure
used by Nikpooyan et al. (23). The inorganic arsenic
content was determined in accordance with GB 5009.11-2014,
“Determination of total arsenic and inorganic arsenic in food.”
The content of aflatoxin Bl was determined using the same
method as that used by Ren et al. (24). The number of colonies
of Escherichia coli, Staphylococcus aureus, and Salmonella were
determined in accordance with GB/T 4789.25-2003, “Food
Hygiene Microbiological Inspection Alcohol Inspection.”

2.4. Metabolic analysis

2.4.1. Sample preparation and extraction

After thawing the samples of CK1, CK2, and CK3
(traditional sweet rice wine) and DZI1, DZ2, and DZ3
(Eucommia leaf sweet rice wine) from the refrigerator at —80°C,
they were vortexed for 10s. Then, 2mL of the mixed sample
was taken and placed in a 10mL centrifuge tube, and the
sample was immersed in liquid nitrogen as a whole. After the
sample was completely frozen, it was placed in a lyophilizer for
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lyophilization. After the samples were completely lyophilized,
400 L of a 70% methanol internal standard extract was added.
The mixture was centrifuged (12,000 r/min, 4 °C) for 3 min. The
supernatant was filtered with a microporous filter membrane
(0.22 wm) and stored in a sample flask for LC-MS/MS analysis.
The UPLC conditions and ESI-Q TRAP-MS/MS are shown in
the Supplementary Tables.

2.5. Analysis of main nutrient
compositions and functional
compositions

The free amino acid content was determined using the
same method as that used by Shao et al. (25). In addition, the
polyphenol content was determined in the same manner as Luo
etal. (26). The flavonoid and total polysaccharide contents of the
samples were estimated using a spectrophotometer. The rutin,
chlorogenic acid, and catechin (EGCG) contents of the samples
were analyzed by high-performance liquid chromatography
(HPLC), and all the detailed processes used are shown in the

Supplementary Tables.

2.6. Analysis of antioxidant activity of the
new product in vitro

2.6.1. Determination of the scavenging rate of
2, 2-diphenyl-1-picrylhydrazyl

First, 1mL of a 0.2 mmol/L DPPH anhydrous ethanol
solution and 0.5mL of sample were mixed in a colorimetric
tube, shaken well with a shaker, and kept in the dark for
30 min. Second, the mixture was centrifuged at 6,000 r/min for
10 min, the supernatant was collected, and the absorbance Al
was measured at 517 nm. In the blank group, A0, we replaced the
DPPH solution with absolute ethanol. In the control group (A2),
the sample solution was replaced with distilled water. Three
parallel trials were carried out.

Al-A0
( ) x 100

1)

DPPH free radical scavenging rate (%) = 1-

2.6.2. Determination of the scavenging rate of
superoxide anion (O2-.)

Samples (0.1, 0.2, 0.5, 0.8, and 1.0 mL) were placed into six
test tubes, and distilled water was used to make the mixture
up to 1 mL (the same below). Then, 4.5mL of a 50 mmol/L
Tris-HCI buffer solution (preheated for 20 min in a 25°C water
bath) and 0.4 mL of a 25 mmol/L pyrogallol solution were added.
The mixture was reacted in a 25°C water bath for 5 min. Then,
1mL of an 8 mol/L HCI solution was added to terminate the
reaction, and the absorbance A1l was measured at 299 nm. For
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the blank control, we used distilled water instead of the sample
solution and measured the absorbance value of A0. We replaced
the pyrogallol solution with the same volume of distilled water
and measured the absorbance A2 of the sample solution in
the system.

A0- (A1-A2)
Y %100
A0

2

Superoxide anion scavenging rate (%) =

2.6.3. Determination of the scavenging rate of
hydroxyl radicals (-OH)

First, 2mL of a 6 mmol/L FeSOy4 solution and 2mL of a 6
mmol/L H>O; solution were added to the samples. The mixture
was shaken well and allowed to stand for 10 min. Second, 2 mL
of a 6 mmol/L salicylic acid solution was added, shaken well,
allowed to stand for 30 min, and centrifuged at 5,000 r/min for
5min, and the absorbance value A1 was measured at 510 nm.
For the blank control, distilled water was used instead of the
sample solution, and the absorbance value A0 was measured.
We replaced the salicylic acid solution with the same volume of
distilled water and measured the absorbance A2 of the sample
solution in the system.

A0- (A1-A2)
— X
A0

100
(©)

Hydroxyl radical scavenging rate (%) =

2.6.4. Determination of iron reducing capacity

First, 2.5mL of 0.2 mol/L phosphate buffer solution
(pH=6.6) was added to the samples. Second, a 2.5 mL solution
of 1% potassium ferricyanide was added, thoroughly mixed, and
reacted in a water bath at 50°C for 20 min before being allowed
to cool rapidly. Ten percent trichloroacetic acid was added to
1 mL of the sample, mixed well, and centrifuged at 3000 r/min
for 10 min. Then, 2.5 mL of the supernatant was taken, 2.5 mL of
distilled water, 0.5 mL of 0.1% ferric chloride were added, mixed
well, and allowed to stand for 10 min, after which absorbance
was measured at 700 nm. The higher the absorbance, the better
the reducibility.

2.7. Enzyme inhibition ability in vitro

2.7.1. Analysis of a-amylase and «-glucosidase
inhibition effect

The a-glucosidase and a-amylase inhibition experiment was
slightly modified, as suggested by Apostolidis et al. (27).

For the a-glucosidase inhibition experiment, 5 uL of sample
solution, 25 nL of a-glucosidase (0.1 U/mL), and 140 pL of 0.1
mol/L phosphate buffer (PBS buffer, pH = 6.8) were mixed in a
tube and reacted at 37°C for 5 min. Then, 25 pL of 24 mmol/L p-
nitrophenyl-p-D-galactopyranoside (PNPG) solution was added
and reacted at 37°C for 15 min. Finally, 100 nL of a 0.2 mol/L
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Nay CO3 termination solution was added, and the absorbance
was measured at 405 nm. The sample solution was replaced by
distilled water as a blank, and a-glucosidase was replaced by
distilled water as a control. The experiment was repeated in
three groups.

1- (Asample-Acontrol)

Inhibition rate (%) = yvi
an

x 100%  (4)

For the a-amylase inhibition experiment, 500 wL of sample
solution was mixed with 500 wL of a-amylase solution (1 U/mL)
and incubated at 25°C for 10 min. Then, 500 L of the soluble
starch solution was added and incubated at 25°C for 10 min. The
reaction was terminated by adding 1 mL of DNS reagent, boiling
the sample solution in a water bath for 5 min, cooling it to room
temperature, and diluting it to 10 mL with distilled water. The
absorbance Al was measured at 520 nm. PBS buffer was used
to replace the solution to be tested, and the absorbance A2 was
obtained. The absorbances of A0 and A3 were measured after the
solution, and the a-amylase solution was replaced with distilled
water and PBS buffer, respectively.

1- (A1-A2)

Inhibition rate (%) =
(A0-A3)

x 100% 5)

2.7.2. Cholate binding experiment

The experimental steps were recommended by Zhou et al.
with some modifications (28).

Standard cholic curve: First, 2mL of standard solutions of
different concentrations were placed in different stopper test
tubes, and 6 mL of an H>SOy4 solution with a 60% mass fraction
was added to the water bath at 70°C for 20 min, and the ice bath
was removed for 5min. Absorbance was measured at 387 nm.
The standard curves of sodium taurocholate and sodium
glycocholate were drawn with the content of cholate as the
horizontal coordinate and absorbance as the vertical coordinate.

Then, 3mL of the sample solution was removed from a
10mL stopper flask, and 3 mL of a 10 mg/mL pepsin solution
and 1 mL of a 0.01 mol/L HCI solution were added to each
flask. The digestion oscillated in a constant temperature water
bath at 37°C for 1h. Then, the pH value was adjusted to 6.3
with a 0.1 mol/L sodium hydroxide solution before adding
4mL of a 10 mg/mL trypsin solution, which was oscillated and
digested in a constant temperature water bath at 37°C for 1h.
Each sample was further added to 4 mL of 0.4 mmol/L sodium
glycocholate or 4mL of 0.5 mmol/L sodium taurocholate,
incubated in a constant temperature water bath oscillation for
1h, and centrifuged at 4,000 r/min for 20 min. The supernatant
was taken to determine the absorbance at 387 nm. The residual
sodium taurocholate and sodium glycocholate contents were
calculated according to the standard curves. The binding rate
was expressed as a percentage of the difference between the
entire amount of sodium taurocholate and sodium glycocholate
added and the remaining amount.
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2.7.3. Angiotensin-converting enzyme
inhibition activity

The ACE inhibitory activity was measured using the method
recommended by Martin et al. after some modifications (29).
N-(3-(2-furyl)acryloyl)-L-phenylalanyl-glycyl-glycine (FAPGG)
was used as the substrate for ACE, and each reaction component
was added according to Table I. A 40 pL sample and N-
2-hydroxyethyl piperazine-N-ethane-sulphonic acid (HEPES)
buffer (80 mmol/L, pH = 8.3) were added to a 96-well plate and
then mixed with a 10 wL 0.1 U/mL ACE solution. Finally, 50 pL
of FAPGG solution was added, and the heat was held at 37°C for
5 min. The absorption value was determined at a wavelength of
340 nm. The heat was held for 30 min, and the absorption value
was measured again.

AAc-AA
Inhibition rate (%) = SAcAm X

100, (6)
where AAc is the change in the light absorption value in the
blank group within 30 min, and AAs is the change in the

absorption value of the sample group within 30 min.

2.8. Data analysis

All data were presented as the mean + standard deviation.
A p-value < 0.05, 0.01, or 0.001 was considered statistically
significant. We used SPSS 23.0 software to perform a variance
analysis on the experimental data. GraphPad Prism 8 software
was used to draw line graphs and histograms, and Origin
95-64 software was used to draw high-performance liquid
chromatograms. Each experiment was repeated three times.
An unsupervised principal component analysis (PCA) was
performed using the statistics function prcomp within R
(www.r-project.org). Before performing unsupervised PCA, we
scaled the data to have unit variance. For two-group analysis,
differential metabolites were determined using the variable
importance in projection (VIP) criteria (VIP > 1) and the
absolute log, FC criteria (|Logy FC| > 1.0).

3. Results

3.1. Determination of optimal
fermentation conditions for Eucommia
leaf sweet rice wine

the
(Supplementary Tables 1-4)

of the
orthogonal

According  to results single-factor

and experiments
(Supplementary Table 5), our verification results suggested
that the sensory score of the optimal fermentation conditions
from the orthogonal experiment was higher than that in the
single-factor experiment (Supplementary Table 6). Therefore,

the optimal fermentation conditions of Eucommia leaf sweet
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TABLE 1 Method for determination of angiotensin-converting
enzyme (ACE) inhibitory activity.

Reagent Control/pL Sample/pL
ACE 10 10
FAPGG 50 50
HEPES buffer 40 0
Sample 0 40

rice wine were obtained using orthogonal experiments, where
the fermentation temperature was 32°C, the fermentation
time was 36h, the amount of koji added was 1% (g), and the
amount of Eucommia ulmoides leaf superfine powder added
was 2% (g). Using this formulation, we were able to create a
sweet and mellow taste in Eucommia leaf sweet rice wine with
a harmonious flavor that combines the taste of the wine with
the taste of the Eucommia ulmoides leaves. The wine had a
clear, transparent, and lustrous appearance with a light green
color. It had a uniform texture and a good taste, with moderate
sweetness and sourness. Moreover, the ratio of total sugar to
total acid was appropriate (Figure 1). Subsequent experiments
were carried out on the Eucommia leaf sweet rice wine using the
same process.

In addition, the total number of colonies in Eucommia leaf
sweet rice wine was 89 CFU/g, and the numbers of Escherichia
coli and Staphylococcus aureus were both below the detection
limit of 10 CFU/g; Salmonella and aflatoxin Bl were not
detected, indicating that the hygiene indicators of Eucommia
leaf sweet rice wine all met the national safety standards for
fermented sweet rice wine (Supplementary Table 7).

3.2. Metabolomics analysis

An analysis of the total ion chromatogram (TIC) of different
quality control (QC) samples using mass spectrometry revealed
that the ion peaks of various substances in the repeated
samples overlapped well, indicating that the sample signal was
stable (Supplementary Figure 1). A total of 214 metabolites,
mainly flavonoids and tannins, were detected in this experiment
(Figure 2A).

From the cluster heatmap analysis of the two groups of
samples (Figure 2B), it can be seen that the two groups of
samples were significantly different, and the components of the
parallel samples in the two groups were close, which proved
the reliability of the samples. PCA was used to represent
the differences in metabolites between traditional sweet rice
wine (CK) and Eucommia leaf sweet rice wine (DZ). The six
samples from the two types were classified into two different
regions of the PCA plots (Figure 2C), indicating that the
flavonoid metabolites of the two different types of samples were
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FIGURE 1

The effects on the total sugar and total acid, alcohol content, and pH value of mixed sweet rice wine. (A) Amount of Eucommia leaf superfine
powder; (B) inoculation amount of distiller's yeast; (C) fermentation time; (D) fermentation temperature (n = 3). Different lowercase letters
indicate significant differences (p < 0.05).
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FIGURE 2
Metabolites analysis of the traditional sweet rice wine (CK) and new product (DZ). (A) Statistics of the number of classified metabolites; (B)
overall sample content map, red represents high content, and green represents low content; (C) PCA of metabolites, and (D) S-plot generated
from the OPLS-DA modle for CK vs. DZ. Green and red spots indicate all VMs involved in the model, and red spots suggest the most significant
changes and higher contributions to the classification pattern.

significantly different. In addition, the orthogonal partial least included 68 flavonols, 25 flavonoids, 16 flavanones, 10 flavonols,

squares discrimination analysis (OPLS-DA) model of the two 7 chalcones, 6 flavanonols, 3 proanthocyanidins, 2 isoflavones,
and 1 tannin. A heatmap was used to visualize the content
changes of different metabolites in the DZ (Figure 3B). The red
box indicates that the metabolite content was higher than the
average level in the sample, while the green box indicates that
the metabolite level was lower. From the figure, it can be clearly
seen that the content of flavonoid metabolites in the DZ was
significantly higher than that of CK.

KEGG was used to perform pathway enrichment analysis on

groups of samples was verified using 200 permutations. The
results demonstrated that the OPLS-DA model distinguished
CK and DZ to the greatest extent (R2X = 0.84, R2Y = 1,
Q2 = 0.994), and the Q? value was greater than 0.9, illustrating
that the model was stable and accurate. Furthermore, the S-plot
of the OPLS-DA model revealed the differences in metabolites
between samples (Figure 2D).

The variable importance in projection (VIP) value was
obtained from the OPLS-DA model. Based on the criteria of
VIP > 1 and fold change > 2 or fold change < 0.5, 138
differential metabolites were identified. Moreover, 126 and 12

the metabolic pathways involved in the differential metabolites,
and it was found that 40 differential metabolites could be
annotated to the existing pathways in the database, and
they were mainly enriched in five pathways: biosynthesis of
secondary metabolites, biosynthesis of flavonoids and flavonols,
biosynthesis of isoflavones, biosynthesis of flavonoids, and

metabolites were upregulated and downregulated in the DZ,
respectively (Figure 3A). These metabolites were classified into
two broad categories: flavonoids and tannins, which specifically
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metabolic pathways, especially the biosynthesis of secondary
metabolites (Figure 3C). A total of 11 differential metabolites
were annotated to this pathway, namely, phloridzin, naringenin,
kaempferol-3-O-glucoside, kaempferol-3-O-rutinoside,
quercetin-3-O-glucose glycosides, rutin, catechin, gallocatechin,
epigallocatechin, epicatechin, and phloretin, among which
the content of quercetin-3-O-glucoside ranked second in the
content of upregulated substances. The top ten metabolites
with increased content were mainly quercetin compounds,
in addition to hesperetin and kaempferol compounds, all of
which have antibacterial and antioxidant biological properties.
Therefore, it is speculated that the accumulation of quercetin,
hesperetin, and kaempferol compounds is the reason for
the stronger antioxidant activity of the new product in
this experiment.
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3.3. Analysis of main nutrients and
functional components in the new
product

Free amino acid, polyphenol, flavonoid, and polysaccharide
contents were determined. The contents were 21.0 £ 0.71 ug/g
and 55.0 + 0.37ug/g, 22 £ 0.32ng/g and 150 + 0.43 pug/g,
49.6 £ 0.30png/g and 729 £ 0.11g/g, and 0.68 £ 0.02 ug/g
and 4.25 £ 0.03pg/g in the traditional sweet rice wine and
new product, respectively (Figure 4). The contents of free amino
acids, polyphenols, flavonoids, and polysaccharides in the new
product were 2.6 times, 6.8 times, 14.7 times, and 6.3 times
higher than those of traditional sweet rice wine, respectively.
Indeed, it can be clearly seen that the content of flavonoids
in the new product and the traditional sweet rice wine had
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the most significant difference (p < 0.001), and the content of
flavonoids in the new product was much higher than that of the
traditional sweet rice wine, which was consistent with the results
of the metabolic analysis and indicated that the new product had
higher nutritional value.

Chlorogenic acid, rutin, and catechin are important
functional components in Eucommia ulmoides leaves,
with clear antioxidant effects. The three components were
determined using high-performance liquid chromatography,
and the chromatograms of the standards were obtained
As the

chromatogram revealed that chlorogenic acid and catechin were

(Supplementary Figure 2). shown in Figure 5,
not detected in the traditional sweet rice wine. For catechins,
people pay the most attention to tea leaves. However, catechins
were detected in the new product, and the content was 1.99 +
0.03 jrg/g. The content of rutin was 4.77 £ 0.08 jLg/g in the new
product, while it was only 0.04 & 0.01 .g/g in the traditional
sweet rice wine. The content of chlorogenic acid was 0.90 =+
0.01 pg/g. Therefore, the contents of chlorogenic acid, rutin,
and catechin in the new product were increased by adding
Eucommia ulmoides leaf superfine powder, and the nutritional
value of the new product was thus improved.

3.4. Antioxidant capacity of the new
product in vitro

The in vitro antioxidant properties of the new product were
evaluated from four aspects: DPPH free radical, superoxide
anion (O2--), hydroxyl radical (-OH) scavenging rate, and iron-
reducing ability. As shown in Figure 6, Eucommia powder tea
soup, the new product, traditional sweet rice wine, and ascorbic
acid (Vc) all exhibited scavenging ability for those free radicals. It
can be seen from the figure that, with the increase in the sample
amount, the scavenging effects of Eucommia leaf sweet rice wine
on DPPH, superoxide anion, and hydroxyl radicals increased
significantly, showing a certain dose-effect relationship. Among
the four samples, the new product had the highest DPPH free
radical scavenging ability, which was 94.80 &= 0.79% (Figure 6A).
When the sample amount of the new product was in the range
of 0.1mL to 0.5mL, the scavenging effect of O2--increased
significantly with increasing sample amount (p < 0.001). When
the sample amount was 1 mL, the scavenging rates of O2-- and
-OH reached 93.86 £ 1.14% and 72.45 £ 1.22%, respectively
(Figures 6B, C). Moreover, when the amount of sample added
was >0.5mL, the reducing power of the new product was >2
mg/mL Vc. When the sample volume was 1.0 mL, the reducing
power reached 1.36 times that of Vc (p < 0.001), indicating that
the new product had effective reducing power (Figure 6D). The
above results demonstrated that the new product had strong
antioxidant activity.
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3.5. a-glucosidase and a-amylase
inhibition capacity in vitro

The inhibitory activities of a-glucosidase and a-amylase in
vitro of traditional sweet rice wine and Eucommia leaf sweet
rice wine were determined. Acarbose was used as a positive
control. As shown in Figure 7, both traditional sweet rice wine
and Eucommia leaf sweet rice wine suggested inhibitory effects
on the two enzymes, but the inhibition of Eucommia leaf
sweet rice wine was significantly higher than that exhibited
by traditional sweet rice wine (p < 0.001). With increasing
sample concentrations, the inhibitory rate continued to increase,
showing a dose-effect relationship. When the sample volume
concentration reached 0.1 mL/mL, the inhibition rates of
a-glucosidase in traditional sweet rice wine and Eucommia
leaf sweet rice wine were 40.66 £ 0.51% and 71.24 & 2.20%,
respectively, which were 45.34 and 79.8% of acarbose (89.67
=+ 6.18%), and the inhibition rates of a-amylase were 39.68 £
3.82% and 73.23 £ 1.89%, respectively, which were 46.23 and
85.3% of acarbose (85.84 £ 1.80%). The results demonstrated
that Eucommia leaf sweet rice wine could effectively inhibit
a-glucosidase and a-amylase in vitro.

3.6. Cholate binding ability in vitro

Sodium glycocholate and sodium taurocholate were selected
as the binding objects to analyze the binding ability of Eucommia
leaf sweet rice wine and evaluate the hypolipidemic effect in
vitro. As shown in Figure 8, the sample volume concentration
was positively correlated with the binding capacity of cholate.
With an increase in the concentration of the new product, the
binding rate of sodium glycocholate and sodium taurocholate
increased significantly (p < 0.001), and the binding capacity
of sodium glycocholate was relatively high, while with the
increase in the concentration of the traditional sweet rice wine,
the binding rate of sodium glycocholate gradually became
saturated. When the sample concentration was 1.2 mL/mL, the
binding ability of Eucommia leaf sweet rice wine to sodium
glycocholate (71.25 £ 4.56%) and sodium taurocholate (61.67
4 1.92%) was 2.12 and 2.05 times that of traditional sweet rice
wine, respectively.

3.7. ACE inhibition ability in vitro

The ACE inhibitory activity of traditional sweet rice wine,
Eucommia leaf sweet rice wine, and the drug control captopril
were evaluated in vitro. As shown in Figure9, the ACE
inhibition rate increased with sample and drug concentrations.
For traditional sweet rice wine, the increasing trend of ACE
inhibition activity was not clear when the concentration ranged
from 0.5 to 1 mL/mL. With increasing concentration, the
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inhibitory activity of Eucommia leaf sweet rice wine on ACE
increased significantly (p < 0.001), which exhibited a strong
inhibition rate, although it was lower than that of captopril.
When the concentration was 1 mL/mL, the inhibitory activity of
Eucommia leaf sweet rice wine on ACE reached 66.32 + 6.71%,
which was 73.58% of the inhibition rate of captopril (90.13 %
1.49%), indicating that Eucommia leaf sweet rice wine had a
certain role in hypotension.

4. Discussion

In recent years, a large number of articles have reported

the functional substances, and

pharmacological effects of Eucommia ulmoides Oliv. (30).
The bark of Eucommia ulmoides Oliv. is used rather than the

chemical composition,

leaves. However, the primary components and pharmacological
effects of Eucommia ulmoides leaves are comparable to those
of Eucommia ulmoides bark, and the antioxidant capacity of
Eucommia ulmoides leaves is even higher than that of Eucommia
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ulmoides bark (31, 32). Therefore, the product development of
Eucommia ulmoides leaves has good prospects. In this study, a
new healthcare product, Eucommia leaf sweet rice wine, was
developed. The Eucommia leaf sweet rice wine fermentation
procedure was optimized to maximize the retention of the wine
flavor, fragrance, and antioxidant components of Eucommia
ulmoides leaves. Ultimately, a fermentation temperature of
32°C, a fermentation time of 36h, an additional amount of
koji of 1% (g), and Eucommia superfine leaf powder of 2% (g)
were determined to be the best conditions for the fermentation
process. This process yields sweet rice wine with a special flavor.
The total number of colonies of Escherichia coli, Staphylococcus
aureus, and other health indicators in the new product all
reached the national standards for fermented wine.

Flavonoids are a large class of polyphenol oxides and
a class of structurally diverse secondary metabolites (33,
34). Numerous pharmacological studies demonstrated the
antioxidant, anticancer, and anti-inflammatory functions of
flavonoids (35). Plant metabolomic analysis allows us to study
the relationship between metabolites produced by biological
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Chromatograms of functional ingredients in the new product and traditonal sweet rice wine. (A) Rutin; (B) catechin; (C) chlorogenic acid.

processes and plant properties (36). Li et al. used UPLC-MS
to analyze the metabolites in the different parts of Eucommia
ulmoides Oliv. and found a large number of flavonoids in the
Eucommia ulmoides leaves (37). The findings of this study
were consistent with this conclusion; 126 flavonoids with
upregulated contents were determined in the metabolites of
the new product, among which quercetins had the highest
content, such as isoquercitrin, spiral side, hyperin, quercetin-
7-O-glucoside, quercetin-7-O-rutinoside, and quercetin-3-O-
sambubioside. Quercetin compounds are considered natural for
cancer treatment (38, 39).

Additionally, the flavonoids with relatively different
contents in the new product are also kaempferol, including
nicotiflorin and astragalin. Studies found that nicotiflorin
has protective effects against memory dysfunction, energy
metabolism failure, and oxidative stress in patients with multiple
cerebral infarctions (40). As a bioactive phytochemical with
potential therapeutic activity, astragalin has anti-inflammatory,
antioxidant, neuroprotective, cardio-protective, anticancer,
antiulcer, and antidiabetic properties, and its mechanism of
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action as a candidate drug has been studied by an increasing
number of people in the past 2 years (41). These results indicated
that, after the optimal fermentation process, the Eucommia leaf
sweet rice wine retained a large number of active substances
with antioxidant properties.

In recent years, numerous studies showed that the
enhancement of free radical activity causes many clinical
diseases and that the decrease in the body’s antioxidant capacity
is mostly due to the increase in the number of free radicals
in the body. Eucommia ulmoides leaves contain a variety of
antioxidant components, which can be developed as natural
plant antioxidants and are also a hot topic in food and medicine
research at present (42). In this study, DPPH, O2-, -OH, and
FRAP were used to determine the free radical scavenging
capacity of the new product. The new product showed high
antioxidant activity, and the DPPH free radical scavenging
capacity and iron-reducing capacity were higher than those
of the antioxidant Vc. The scavenging rates of O2-- and -OH
were lower than that of Vc; however, the new product also
presented strong scavenging rates as a kind of food. Phenolic
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compounds, especially flavonoids, are compounds associated that the total phenol content in Eucommia ulmoides leaves
with the antioxidant capacity of plant extracts. Studies showed correlates well with its antioxidant activity (43). Liu et al.

Frontiersin Nutrition 12 frontiersin.org


https://doi.org/10.3389/fnut.2022.1108843
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Ren et al.

10.3389/fnut.2022.1108843

>
@
-
]

-o- Traditional sweet rice wine ***

ok 3k ok

-& New product

(=)
>
1

* 3k 3k

* %

Binding ability (%)
=
>

0 T T
0.2 0.4

T
0.8 1 1.2
Concentration (nL/mL)

FIGURE 8

Cholate binding ability of traditional sweet rice wine and new product. (A) Sodium glycocholate binding capacity, (B) sodium taurocholate

binding capacity (n = 3). **p < 0.01; ***p < 0.001.

D
>
1

-8~ Traditional sweet rice wine

- New product e B

[=a)
(=]

3k %k

Binding ability (%)
[ S -
T e

0 T T
0.2 0.4

0.8 1 1.2

Concentration (mL/mL)

extracted polysaccharides from Eucommia ulmoides leaves and
found that they had significant scavenging effects on DPPH free
radicals, OH free radicals, and ABTS free radicals (44). The
results of this study were consistent with the above conclusions.
The new product contains a high concentration of flavonoids,
and its strong antioxidant activity is mainly attributed to the
presence of flavonoids, polysaccharides, polyphenols, rutin, and
other compounds.

Currently, triple H (hypertension, hyperglycemia, and
hyperlipidemia) has become a major health management
problem throughout society. The inhibition of digestive
enzyme (o-amylase and o-glucosidase) activity is an
important way to control hyperglycemia. As a large category
of nonessential dietary ingredients, phenolic substances
have many pharmacological effects, such as antioxidant,
antimutagenic, anti-inflammatory, and anticancer properties,
as well as chelating digestive enzymes (45-47). In addition,
studies found that quercetin and rutin can reduce the
risk of diabetes (48-50). In this study, the contents of
polyphenol and rutin in the new product were 150 =+
0.43pg/g and 4.77 £ 0.08ug/g, respectively, and many
upregulated quercetin compounds are also shown in the new
product. An inhibition experiment with digestive enzymes
suggested that Eucommia leaf sweet rice wine had effective
inhibitory activities on a-glucosidase and o-amylase. At a
concentration of 0.1 mL/mL, the inhibitory rates were 71.24
+ 2.20% and 73.23 £+ 1.89%, respectively, which reached
79.8% and 85.3% of acarbose, indicating that it had high
hypoglycemic activity. This conclusion confirms that the
high content of polyphenols, quercetin, and rutin in the
Eucommia leaf sweet rice wine may be the reason for its strong

antihyperglycemic effect.
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Moreover, polyphenols can reduce hyperlipidemia by
binding with bile acids, and flavonoids could decrease
cholesterol, free fatty acids, and low-density lipoprotein,
indicating that the latter also greatly modulates the effect on
hyperlipidemia (51-53). The results of this study demonstrated
that the flavonoid content in the new product was as high as
729 £ 0.11 g/g, which was 14.7 times that of traditional sweet
rice wine. In the antihyperlipidemic experiment, Eucommia
leaf sweet rice wine has shown a positive binding capacity
for both sodium glycocholate and sodium taurocholate, with
a higher binding capacity for sodium glycocholate. At a
concentration of 1.2 mL/mL, the binding capacity reached 71.25
+ 4.56%, which was much higher than that of traditional
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sweet rice wine (33.59 £ 2.31%). This phenomenon may be
related to the high content of polyphenols and flavonoids in
Eucommia ulmoides leaves. ACE is a key enzyme that can
cause hypertension symptoms and lead to various diseases
(54). Inhibition of ACE can effectively reduce hypertension.
Flavonoids and chlorogenic acid in Eucommia ulmoides leaves
can effectively reduce hypertension (55). The chlorogenic acid
content in the new product was 0.90 & 0.01g/g, while it
was not detected in the traditional sweet rice wine. This study
suggested that Eucommia leaf sweet rice wine had a certain
inhibitory effect on the ACE enzyme, which was lower than that
of the drug control captopril but certainly higher than that of the
traditional sweet rice wine.

In conclusion, our results proved that flavonoids and
polyphenols are abundant components in Eucommia leaf
sweet rice wine. The existence of these components provides
Eucommia leaf sweet rice wine with strong antioxidant
activity and positive hypoglycemic, hypolipidemic, and
hypotensive effects.

5. Patent

Eucommia ulmoides leaf glutinous rice sweet wine and
preparation method.: YZ, WG, YX, and D-gZ (Application
No.: CN202110645889.9).

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding authors.

Author contributions

Conceptualization and methodology: YZ, WG, and NR.
Investigation: NR, WG, and YX. Writing—original draft: NR
and YZ. Project administration and writing—review and editing:
YZ and D-gZ. All authors contributed to the manuscript and
approved the submitted version.

References

1. Zhu M, Wen ], Zhu Y, Su Y, Sun R. Isolation and analysis of four constituents
from barks and leaves of Eucommia ulmoides Oliver. by a multi-step process. Ind
Crops Products. (2016) 83:124-32. doi: 10.1016/j.indcrop.2015.12.049

2. Yan Y, Zhao H, Chen C, Zou L, Liu X, Chai C, et al. Comparison
of multiple bioactive constituents in different parts of Eucommia ulmoides
based on UFLC-QTRAP-MS/MS combined with PCA. Molecules. (2018)
23:643. doi: 10.3390/molecules23030643

Frontiersin Nutrition

14

10.3389/fnut.2022.1108843

Funding

This research was funded by the Guizhou Province
High-Level Innovative Talent Training Program Project ([2016]
4003), the National Natural Science Foundation of China, grant
nos. 31870285 and 31660076, and the Construction Program
of Biology as a First-Class Discipline in Guizhou (GNYL
[2017] 009).

Acknowledgments

The authors would like to acknowledge Anshun Yucha
Village Tea Industry Co., Ltd., for processing the superfine
powder of Eucommia ulmoides leaves in this study.

Conflict of interest

YX is employed by Guizhou Sauce Wine Group Liquor
Production Co., Ltd.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1108843/full#supplementary-material

3. Kawasaki T, Uezono K, Nakazawa Y. Antihypertensive mechanism of food for
specified health use: Eucommia leaf glycoside and its clinical application. ] Health
Sci. (2000) 22:29-36.

4. Ren X, Han Z, Song L, Lv Z, Yang Y, Xiao Y, et al. Four new
phenolic compounds from the tender leaves of Eucommia ulmoides
Oliv. and their anti-inflammatory activities. Phytochem Lett. (2021)
44:173-7. doi: 10.1016/j.phytol.2021.06.020

frontiersin.org


https://doi.org/10.3389/fnut.2022.1108843
https://www.frontiersin.org/articles/10.3389/fnut.2022.1108843/full#supplementary-material
https://doi.org/10.1016/j.indcrop.2015.12.049
https://doi.org/10.3390/molecules23030643
https://doi.org/10.1016/j.phytol.2021.06.020
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Ren et al.

5. Huang W, Xue A, Niu H, Jia Z, Wang J. Optimised ultrasonic-
assisted extraction of flavonoids from Folium Eucommiae and evaluation of
antioxidant activity in multi-test systems in vitro. Food Chem. (2009) 114:1147-
54. doi: 10.1016/j.foodchem.2008.10.079

6. Liu C, Guo E Xiao J, Wei J, Tang L, Yang H. Research advances
in chemical constituents and pharmacological activities of different
parts of Eucommia ulmoides. China ] Chin Mater Medica. (2020)
45:497-512. doi: 10.19540/j.cnki.cjcmm.20191108.201

7.Zhang Z, Fu D, Zhang W, Zhang L, Zu Y. Simultaneous determination of five
phenylpropanoids in Eucommia ulmoides Oliv. from different ages and parts by
HPLC. Food Sci. (2019) 33:186-91. doi: 10.7506/spkx1002-6630-20180417-231

8. Jia Z, Huang W, Xue A. Extraction of flavonoids from Eucommia ulmoides
leaves by Ultrasonic and research on its antioxidation. ] Anhui Agric Sci. (2008)
36:1286-8. doi: 10.13989/j.cnki.0517-6611.2008.04.129

9. Ishimitsu A, Tojo A, Satonaka H, Ishimitsu T. Eucommia ulmoides
(Tochu) and its extract geniposidic acid reduced blood pressure
and improved renal hemodynamics. Biomed Pharmacother. (2021)
141:111901. doi: 10.1016/j.biopha.2021.111901

10. Gong M, Zhang H, Liu X, Li Q, Zhang Y, Zhang W, et al. Effect
of Eucommia ulmoides leaves on hyperuricemia and kidney injury induced
by a high-fat/high-fructose diet in rats. Iran ] Basic Med Sci. (2022)
25:527. doi: 10.21203/rs.3.rs-1188416/v1

11. Wang Z, Gao X, Li W, Tan S, Zheng Q. Phenolic content,
antioxidant  capacity, and o-amylase and o-glucosidase inhibitory
activities of Dimocarpus longan Lour. Food Sci Biotechnol. (2020)
29:683-92. doi: 10.1007/s10068-019-00708-3

12. Sakandar HA, Hussain R, Khan QE Zhang H. Functional microbiota in
Chinese traditional Baijiu and Mijiu Qu (starters): A review. Food Res Int. (2020)
138:109830. doi: 10.1016/j.foodres.2020.109830

13. Yang Y, Chen W, Ma R, Yu L. Analysis and evaluation
of nutrients in sweet rice wine. China Brewing. (2011) 29:182-
4. doi: 10.3969/j.issn.0254-5071.2011.06.052

14. Fu X, Ye M. Fermentation process of fermented Radix pseudostellariae sweet
rice wine and changes of components during the fermentation. China Brewing.
(2015) 34:63-7. doi: 10.11882/j.issn.0254-5071.2015.08.013

15. Li R, Chen Q, Wang J, Sun A. Fermentation technology of sweet
fermented glutinous rice with pueraria. China Brewing. (2016) 35:189-
91. doi: 10.11882/j.issn.0254-5071.2016.07.041

16. Pan W, Wu M, Zheng Z, Guo L, Lin Z, Qiu B. Rapid authentication of
Pseudostellaria heterophylla (Taizishen) from different regions by near-infrared
spectroscopy combined with chemometric methods. J Food Sci. (2020) 85:2004—-
9. doi: 10.1111/1750-3841.15171

17. Yin L, Li Y, Meng F. Puerarin’s chemical composition pharmacological
effects and clinical application. Heilongjiang Med J. (2010) 23:371-
3. doi: 10.14035/j.cnki.hljyy.2010.03.033

18. He XR Li YS, Yang E Yao H, Li Q. The effect of different
harvesting time and drying methods on the contents of chlorogenic
acid in Eucommia ulmoides Oliv. Leaves Northwest Pharmac J]. (2013)
28:130-2. doi: 10.3969/j.issn.1004-2407.2013.02.007

19. Takamura C, Hirata T, Yamaguchi Y, Ono M, Miyashita H, Ikeda T, et al.
Studies on the chemical constituents of green leaves of Eucommia ulmoides Oliv.
Nat Med. (2007) 61:220-1. doi: 10.1007/s11418-006-0027-5

20. Ye W, Chu W, Xi Y, Li Q, Leng G, Zhou X. Study on the compound
health beverage of the Eucommia ulmoides Oliv leaves. Food Sci. (2004) 25:446—
8. doi: 10.1007/BF02911033

21. Zhu M, Sun R. Eucommia ulmoides Oliver: A potential feedstock for bioactive
products. ] Agric Food Chem. (2018) 66:5433-8. doi: 10.1021/acs.jafc.8b01312

22. Wang Y, Hou J, Zhang P, Yan X, Zhang J. Comparison of three end-point
indicating methods during the acid-base titration of the total acid amount in
vinegar. Chin ] Health Labor Technol. (2018) 28:146-8.

23. Nikpooyan H, Sani AM, Zavezad N. Determination of lead residue levels in
raw milk from different regions of Mashhad (north-east of Iran) by AAS method.
Nutr Food Sci. (2013) 43:324-9. doi: 10.1108/NFS-12-2011-0141

24. Ren H, Jia X, Yang X, Yang P, Zhang Z, Guo S. Rapid determination
of aflatoxin Bl in grain and oil products by high performance liquid
chromatography-tandem mass spectrometry. | Food Safety Quality. (2019)
10:6438-42. doi: 10.19812/j.cnki.jfsq11-5956/ts.2019.19.005

25. Shao J, Li Q, Dong B, Liu H, Shu J. Determination of total free-
amino acid in tea by Nihydrin colorimetry. China Food Addit. (2008) 19:162-
5. doi: 10.3969/j.issn.1006-2513.2008.02.039

Frontiersin Nutrition

10.3389/fnut.2022.1108843

26. Luo K, He Q, Ge Y, Tan H, Zhou L, Peng S, et al. Determination of the total
polyphenol in Anhua dark-tea by Folin-Ciocalteu colorimetry. J Trad Chin Med
Univ Hunan. (2013) 33:65-66. doi: 10.3969/j.issn.1674-070X.2013.05.018.065.02

27. Apostolidis E, Lee CM. In vitro potential of Ascophyllum nodosum phenolic
antioxidant-mediated a-glucosidase and a-amylase inhibition. J Food Sci. (2010)
75:H97-H102. doi: 10.1111/j.1750-3841.2010.01544.x

28. Zhou K, Xia W, Zhang C, Yu L. In vitro binding of bile acids and triglycerides
by selected chitosan preparations and their physico-chemical properties. LWT-
Food Sci Technol. (2006) 39:1087-92. doi: 10.1016/j.lwt.2005.07.009

29. Martin M, Deussen A. Effects of natural peptides from food proteins on
angiotensin converting enzyme activity and hypertension. Crit Rev Food Sci Nutr.
(2019) 59:1264-83. doi: 10.1080/10408398.2017.1402750

30. Yang E, Yue ZG, Wang X, Zhang XP, Chai J. Chemical constituents of leaf of
Eucommia ulmoides. China ] Chin Materia Medica. (2014) 39:1445-9.

31. Niture NT, Ansari AA, Naik SR. Anti-hyperglycemic activity of
rutin in streptozotocin-induced diabetic rats: an effect mediated through
cytokines, antioxidants and lipid biomarkers. Indian ] Exp Biol. (2014)
52:720-7. doi: 10.1038/icb.2014.23

32. Kim DC. Antioxidative activities of ethanolic extracts of Du-zhong
(Eucommia ulmoides Oliver.) leaf and bark. J Appl Biol Chem. (2020) 63:259-
65. doi: 10.3839/jabc.2020.035

33. Shi S, Yang M, Zhang M, Wang P, Kang YX, Liu JJ. Genome-wide
transcriptome analysis of genes involved in flavonoid biosynthesis between red
and white strains of Magnolia sprengeri pamp. BMC Genomics. (2014) 15:1-
11. doi: 10.1186/1471-2164-15-706

34. Weitzel C, Petersen M. Enzymes of phenylpropanoid metabolism in
the important medicinal plant Melissa officinalis L. Planta. (2010) 232:731-
42. doi: 10.1007/s00425-010-1206-x

35. Serafini M, Peluso I, Raguzzini A. Flavonoids as anti-inflammatory agents.
Proc Nutr Soc. (2010) 69:273-8. doi: 10.1017/S002966511000162X

36. Fiehn O. Metabolomics-the link between genotypes and phenotypes. Plant
Mol Biol. (2002) 48:155-71. doi: 10.1007/978-94-010-0448-0_11

37.LiL, Liu M, ShiK, Yu Z, Zhou Y, Fan R, et al. Dynamic changes in metabolite
accumulation and the transcriptome during leaf growth and development in
Eucommia ulmoides. Int ] Mol Sci. (2019) 20:4030. doi: 10.3390/ijms20164030

38. Baghel SS, Shrivastava N, Baghel RS, Rajput, S. A review of quercetin:
antioxidant and anticancer properties. World ] Pharm Pharmac Sci. (2012) 1:146-
60.

39. Shafabakhsh R, Asemi Z. Quercetin: a natural compound for ovarian cancer
treatment. ] Ovarian Res. (2019) 12:1-9. doi: 10.1186/s13048-019-0530-4

40. Huang JL, Fu ST, Jiang YY, Cao YB, Guo ML, Wang Y, et al. Protective effects
of Nicotiflorin on reducing memory dysfunction, energy metabolism failure and
oxidative stress in multi-infarct dementia model rats. Pharmacol Biochem Behav.
(2007) 86:741-8. doi: 10.1016/j.pbb.2007.03.003

41.Riaz A, Rasul A, Hussain G, Zahoor MK, Jabeen F, Subhani Z, et al. Astragalin:
a bioactive phytochemical with potential therapeutic activities. Advances in
pharmacological sciences. (2018) 2018:9794625. doi: 10.1155/2018/9794625

42. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. Free radicals
and antioxidants in normal physiological functions and human disease. Int |
Biochem Cell Biol. (2007) 39:44-84. doi: 10.1016/j.biocel.2006.07.001

43. Wang JH, Liu DM, Liu YL Li CL, Cheng YY Li Y. Antioxidant capacity
and polyphenolic content of Eucommia ulmoides Oliv leaf extract. Adv Mater Res.
(2012) 396:1349-52. doi: 10.4028/www.scientific.net/ AMR.396-398.1349

44. Liu M, Lu W, Ku K, Zhang L, Lei L, Zong W. Ultrasonic-assisted extraction
and antioxidant activity of polysaccharides from Eucommia ulmoides leaf. Pak |
Pharm Sci. (2020) 33:581-9.

45. Yusoff IM, Taher ZM, Rahmat Z, Chua LS, A. review of ultrasound-assisted
extraction for plant bioactive compounds: Phenolics, flavonoids, thymols, saponins
and proteins. Food Res Int. (2022) 157:111268. doi: 10.1016/j.foodres.2022.111268

46. Liao Y, Zhou X, Zeng L. How does tea (Camellia sinensis) produce specialized
metabolites which determine its unique quality and function: a review. Crit Rev
Food Sci Nutr. (2022) 62:3751-67. doi: 10.1080/10408398.2020.1868970

47. Nakazawa Y. Effect of Eucommia leaf (Eucommia ulmoides Oliver. leaf;
Du-Zhong ye) extract on blood pressure (I). J Nat Med. (1997) 51:392-8.

48. Kanter M, Altan ME, Donmez S, Ocakci A, Kartal ME. The effects of quercetin
on bone minerals, biomechanical behavior, and structure in streptozotocin-
induced diabetic rats. Cell Biochem Funct. (2007) 25:747-52. doi: 10.1002/cbf.1397

49. Xing YE He D, Wang Y, Zeng W, Zhang C, Lu Y, et al. Chemical
constituents, biological functions and pharmacological effects for comprehensive

frontiersin.org


https://doi.org/10.3389/fnut.2022.1108843
https://doi.org/10.1016/j.foodchem.2008.10.079
https://doi.org/10.19540/j.cnki.cjcmm.20191108.201
https://doi.org/10.7506/spkx1002-6630-20180417-231
https://doi.org/10.13989/j.cnki.0517-6611.2008.04.129
https://doi.org/10.1016/j.biopha.2021.111901
https://doi.org/10.21203/rs.3.rs-1188416/v1
https://doi.org/10.1007/s10068-019-00708-3
https://doi.org/10.1016/j.foodres.2020.109830
https://doi.org/10.3969/j.issn.0254-5071.2011.06.052
https://doi.org/10.11882/j.issn.0254-5071.2015.08.013
https://doi.org/10.11882/j.issn.0254-5071.2016.07.041
https://doi.org/10.1111/1750-3841.15171
https://doi.org/10.14035/j.cnki.hljyy.2010.03.033
https://doi.org/10.3969/j.issn.1004-2407.2013.02.007
https://doi.org/10.1007/s11418-006-0027-5
https://doi.org/10.1007/BF02911033
https://doi.org/10.1021/acs.jafc.8b01312
https://doi.org/10.1108/NFS-12-2011-0141
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2019.19.005
https://doi.org/10.3969/j.issn.1006-2513.2008.02.039
https://doi.org/10.3969/j.issn.1674-070X.2013.05.018.065.02
https://doi.org/10.1111/j.1750-3841.2010.01544.x
https://doi.org/10.1016/j.lwt.2005.07.009
https://doi.org/10.1080/10408398.2017.1402750
https://doi.org/10.1038/icb.2014.23
https://doi.org/10.3839/jabc.2020.035
https://doi.org/10.1186/1471-2164-15-706
https://doi.org/10.1007/s00425-010-1206-x
https://doi.org/10.1017/S002966511000162X
https://doi.org/10.1007/978-94-010-0448-0_11
https://doi.org/10.3390/ijms20164030
https://doi.org/10.1186/s13048-019-0530-4
https://doi.org/10.1016/j.pbb.2007.03.003
https://doi.org/10.1155/2018/9794625
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.4028/www.scientific.net/AMR.396-398.1349
https://doi.org/10.1016/j.foodres.2022.111268
https://doi.org/10.1080/10408398.2020.1868970
https://doi.org/10.1002/cbf.1397
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Ren et al.

utilization of Eucommia ulmoides Oliver. Food Sci. Human Wellness. (2019) 8:177~
88. doi: 10.1016/j.fshw.2019.03.013

50. Xu W, Zhang Y. Compared experiments of orthogonal chlorogenic acid
extraction in leaf and bark of eucommia ulmoides. ] Chengdu Univ. (2010) 29:25-8.

51. Chen L, Guo Y, Li X, Gong K, Liu K. Phenolics and related in vitro functional
activities of different varieties of fresh waxy corn: A whole grain. BMC Chem.
(2021) 15:1-9. doi: 10.1186/s13065-021-00740-7

52. Kobayashi Y, Hiroi T, Araki M, Hirokawa T, Miyazawa M,

Aoki N, et al. Facilitative effects of Eucommia ulmoides on fatty
acid oxidation in hypertriglyceridaemic rats. ] Sci Food Agric. (2012)
92:358-65. doi: 10.1002/jsfa.4586

Frontiersin Nutrition

16

10.3389/fnut.2022.1108843

53. Lee GH, Lee MR, Lee HY, Kim SH, Kim HK, Kim HR,
et al. Eucommia ulmoides cortex, geniposide and aucubin regulate
lipotoxicity through the inhibition of lysosomal BAX. PLoS ONE. (2014)
9:¢88017. doi: 10.1371/journal.pone.0088017

54. Lavoie JL, Sigmund CD. Minireview: overview of the renin-angiotensin
system-an endocrine and paracrine system. Endocrinology. (2003) (6):2179-
83. doi: 10.1210/en.2003-0150

55. Wang X, Peng M, He C. The antihypertensive effects of
Eucommia ulmoides leaf water/ethanol extracts are chlorogenic acid
dependent. ] Funct Foods. (2022) 94:105129. doi: 10.1016/j.jff.2022.
105129

frontiersin.org


https://doi.org/10.3389/fnut.2022.1108843
https://doi.org/10.1016/j.fshw.2019.03.013
https://doi.org/10.1186/s13065-021-00740-7
https://doi.org/10.1002/jsfa.4586
https://doi.org/10.1371/journal.pone.0088017
https://doi.org/10.1210/en.2003-0150
https://doi.org/10.1016/j.jff.2022.105129
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	Innovation in sweet rice wine with high antioxidant activity: Eucommia ulmoides leaf sweet rice wine
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.1.1. Eucommia ulmoides leaf superfine powder processing
	2.1.2. Eucommia leaf sweet rice wine processing

	2.2. Sensory evaluation and optimization of fermentation processes
	2.3. Physical, chemical, and hygiene index testing
	2.4. Metabolic analysis
	2.4.1. Sample preparation and extraction

	2.5. Analysis of main nutrient compositions and functional compositions
	2.6. Analysis of antioxidant activity of the new product in vitro
	2.6.1. Determination of the scavenging rate of 2, 2-diphenyl-1-picrylhydrazyl
	2.6.2. Determination of the scavenging rate of superoxide anion (O2-·)
	2.6.3. Determination of the scavenging rate of hydroxyl radicals (·OH)
	2.6.4. Determination of iron reducing capacity

	2.7. Enzyme inhibition ability in vitro
	2.7.1. Analysis of α-amylase and α-glucosidase inhibition effect
	2.7.2. Cholate binding experiment
	2.7.3. Angiotensin-converting enzyme inhibition activity

	2.8. Data analysis

	3. Results
	3.1. Determination of optimal fermentation conditions for Eucommia leaf sweet rice wine
	3.2. Metabolomics analysis
	3.3. Analysis of main nutrients and functional components in the new product
	3.4. Antioxidant capacity of the new product in vitro
	3.5. α-glucosidase and α-amylase inhibition capacity in vitro
	3.6. Cholate binding ability in vitro
	3.7. ACE inhibition ability in vitro

	4. Discussion
	5. Patent
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


