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Abstract: This study investigated the effects of naringin on soybean and mung bean sprouts posthar-
vest quality. It was found that naringin could maintain the appearance and quality of soybean sprouts
and mung bean sprouts during a 6-day storage period as well as delay the occurrence of browning in
mung bean sprouts and soybean sprouts. The optimal application rate of naringin was 50-100 pg/mL,
which could effectively inhibit the activity of polyphenol oxidase (PPO) and peroxidase (POD) in
bean sprouts and increase the ascorbic acid content, where this inhibition response to the browning
of mung bean sprouts and soybean sprouts was significantly reduced. Naringin treatment increased
gallic acid and p-coumaric acid content in mung bean sprouts as well as the daidzin and rutin content
in soybean sprouts, which was also reflected in the improvement of antioxidant activity. The binding
of naringin with PPO and POD was analyzed with molecular docking, naringin, and PPO had a lower
binding energy (—1.09 Kcal/mol). In conclusion, naringin application in postharvest preservation of
mung bean sprouts and soybean sprouts can maintain favorable consumer quality.

Keywords: sprouts; naringin; browning; active substance; postharvest preservation

1. Introduction

Sprouted vegetables are highly nutritious and tender. They are excellent sources of
vitamins, dietary fiber, trace minerals, and flavonoids as health foods [1,2]. Sprouts with
high moisture content (>95%) and fragile structures are prone to decay and browning
during storage. In particular, the hypocotyl of sprouts is easy to turn dark brown. The
browning of sprouts will not only affect their appearance, but will also result in the loss
of bioactive substances, a reduction in the consumer willingness to buy, and significant
financial losses.

Browning is classified into two types: enzymatic browning and non-enzymatic brown-
ing. Enzymatic browning is the generation of brown substances from polyphenolic sub-
strates in mung bean sprouts and soybean sprouts, which is catalyzed by major enzymatic
browning enzymes such as polyphenol oxidase (PPO) and peroxidase (POD) [2]. Non-
enzymatic browning is dominated by the oxidative browning of vitamin C [3]. At present,
there are two types of anti-browning solutions for fresh vegetables such as bean sprouts:
chemical control and physical prevention [4]. Sikora et al. used ascorbic acid and herbal
extracts for chemical control [3], whereas Xiang et al. investigated the influence of plasma-
activated water on the physicochemical parameters of mung bean sprouts [5]. There was
also the use of ethanol vapor [6], clove essential oil and eugenol [7], phytoncide treat-
ment [4], 4-methoxy cinnamic acid [8], etc. In terms of physical methods, Zhang et al.
employed a combination of vacuum and low-temperature technologies to prevent the
browning of mung bean sprouts [9], and Gui et al. demonstrated that UV-B irradiation
could improve the postharvest quality of mung bean sprouts [10]. Ultrasonic treatment
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has also been applied to improve the browning of fresh vegetables [11]. However, most
of the current methods have problems such as high material costs, significant equipment
investments, and toxicological safety. As a result, a cost-effective and safe method to
prevent browning should be developed.

Naringin (40-5,7-trihydroxyflavonone-7-rhamnoglucoside) is a glycoside analog of
naringenin, which exhibits a certain bitter taste due to the presence of glycosides. Naringin
is abundant in citrus fruit peel, especially grapefruit and pomelo [12,13]. Naringin can also
be used as a bittering ingredient in food [14] and is a legal food additive. Previous research
has shown that naringin can exert positive effects in reducing lipids [15], antibacterial,
anti-inflammatory, and anticancer [16], with health promoting effects. The antioxidant
effect of naringin has been extensively studied and confirmed, showing excellent biological
activity in both in vivo and in vitro experiments [17,18]. We hypothesized that naringin
could also play a good role in delaying the browning of sprouts. Mung bean sprouts
and soybean sprouts are the two most widely consumed sprouts in China. Therefore,
we sprayed different concentrations of naringin solution on the mung bean sprouts and
soybean sprouts and stored them in an incubator at 4 °C. By measuring their physiological
and biochemical indices, this study was proposed to find out the optimal concentration
of naringin application with the expectation to provide instructions for the application of
naringin for the postharvest preservation of soybean sprouts and mung bean sprouts.

2. Materials and Methods
2.1. Plant Materials

Fresh soybean sprouts and mung bean sprouts were purchased the same day from
the local supermarket. Sprouts with intact shape and no breakage damage were selected
for subsequent experiments. Naringin powder (purchased from Lijinyou Agricultural
Technology Co., Meizhou City, China, purity > 98%) was dissolved and metered to a final
concentration of 200 pg/mL with ultrapure water, then the stocking solution was diluted
to a different concentration for use. A total of 10 mL of naringin solution was sprayed with
different concentrations (25 ng/mL, 50 ug/mL, 100 pg/mL, 150 ng/mL, 200 pg/mL) over
the soybean and mung bean sprouts, divided into six portions of 100 g each; the control
group was sprayed with 10 mL ultrapure water. The naringin treatment concentrations and
the corresponding abbreviations for the sprouts are shown in Table 1. They were placed
in polyethylene plastic boxes after treatment and stored in a 4 °C constant temperature
incubator. Samples were taken after three and six days of storage, and stored at —40 °C
for subsequent analysis of the active substance content, enzymatic activity, and other
physicochemical properties.

Table 1. The corresponding abbreviations for the soybean sprouts and mung bean sprouts.

Naringin Concentration (ug/mL) 0 25 50 100 150 200
Soybean sprouts treatment abbreviations S1 S2 S3 54 S5 S6
Mung bean sprouts treatment abbreviations M1 M2 M3 M4 Mb5 Mé6

2.2. Vitamin C Analysis

The vitamin C content was determined by the high performance liquid chromatog-
raphy (HPLC) method [19] with modification. Briefly, the ground sample was added to
0.1% oxalic acid solution, then extracted ultrasonically for 30 min. The mixture was then
centrifuged at 9390 x g for 10 min at 4 °C. The supernatant was collected and added to
25 mM of dithiothreitol vinegar (DTT) solution and 160 mM of buffer, keeping the reaction
at room temperature and away from light. The supernatant was filtrated for HPLC detec-
tion at the wavelength 245 nm. Vitamin C was separated at 30 °C using the elution phase,
which consisted of 5% methanol (v/v) and 95% 0.1 percent oxalic acid solution (m:V) at a
flow rate of 1.0 mL/min. The standard was L- ascorbic acid, and the data are expressed as
milligram per gram of fresh weight (ug/g FW).
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2.3. Polyphenol Composition Analysis

The samples stored at —40 °C were taken out and quickly ground into powder by
adding liquid nitrogen. A total of 0.8 g of powder was weighed, put it into a centrifugal
tube, added to 1 mL of 80% methanol solution, mixed thoroughly, and ultrasound for
30 min to extract the polyphenols. Samples were centrifuged at 13,523 x g for 10 min at
25 °C to extract the supernatant. The composition of polyphenols was analyzed by HPLC.
The conditions of HPLC were improved according to the methods previously reported in
our laboratory [20]. The HPLC analytical conditions were as follows: The detector used was
a UV-PDA detector (Waters Company, Milford, MA, USA), C18 column (Waters Company,
Milford, MA, USA), column temperature 40 °C, mobile phase 1 mL/min flow rate for
the gradient elution, set at three absorption wavelengths of 254 nm, 280 nm, and 320 nm
for the determination. The mobile phases were solution A (ultrapure water containing
0.1% TFA) and solution B (acetonitrile containing 0.1% TFA). The elution gradient program
was: 0-8 min, 97-95% A; 8-15 min, 95-90% A; 15-25 min, 90-80%; 25-30 min, 80-70%;
30-33 min, 70-65%; 33-52 min, 65-20%; 52-60 min, 20-95%. The polyphenol content of
each component was expressed as milligrams per gram of fresh weight (ug/g FW) & SD.

2.4. Polyphenol Oxidase (PPO) and Peroxidase (POD) Analysis

The extraction of the crude enzyme was referred to the reported method [21], 2 g of
mung bean sprouts and soybean sprouts were extracted by 20 mL of precooled phosphate
buffer [50 mM, pH 7.8, containing 1% polyvinyl pyrrolidone (PVP), and 1 mM ethylene
diamine tetra-acetic acid (EDTA)]. The mixture was crushed into a homogenate in an ice
bath and then centrifuged at 9390 g at 4 °C. The supernatant obtained was the crude
enzyme solution, and the solution was stored at 4 °C for analysis.

The analysis of PPO was improved according to the previously reported method [8].
A total of 780 uL of 50 mM, pH 7.8 phosphate buffer, 200 pL of 0.1 M catechol, and 200 uL
of crude enzyme extract was added to the centrifuge tube, mixed evenly, and reacted in
a water bath at 37 °C. The change in absorbance of the reaction system was measured at
420 nm. The activity of PPO is expressed as U, U = AODyp(/0.0001 min.

The POD analysis was based on the method of Yong-Hua Hu et al. with modifica-
tion [8]. The crude enzyme extract for 50 uL was added to 150 puL of the POD reaction
solution [containing 60% 50 mM phosphate buffer (pH 7.0), 20% 2% hydrogen perox-
ide solution (v/v), 20% 1% guaiacol solution (v/v)]. The change in the absorbance at
470 nm within 60 s was measured rapidly. The activity of POD was expressed as U,
U= AOD470 /0.001 min.

2.5. Oxygen Radical Absorbance Capacity (ORAC) Analysis

The ORAC analysis was performed according to the method previously reported by
our laboratory with modifications [22]. Briefly, 20 uL of sprout extract or Trolox standards
was added to each well in the 96-well plate. Incubated at 37 °C for 10 min, 200 pL of the
fluorescein sodium solution was added rapidly. Incubated again at 37 °C for 20 min, it
was then added to 20 uL of 119.47 mM ABAP solution. The reaction was cycled 35 times
in 4.5 min at 485 nm excitation and 535 nm emission using the FilterMax F5 Multi-Mode
Microplate Reader (Molecular Devices, San Jose, CA, USA). The ORAC value was expressed
in pumol of Trolox equivalents (TE) per gram of fresh weight sample (umol TE g_1 FW).

2.6. Polyphenol Oxidase (PPO) 3D Structure Analysis and Molecular Docking

The amino acid sequencing sequence of PPO was obtained from NCBI (www.ncbi.
nlm.nih.gov) (accessed on 10 April 2022) and the homologous sequence modeling (SWISS-
MODEL, https:/ /swissmodel.expasy.org/) (accessed on 10 April 2022) using mass spec-
trometry data (serial number: LC100016.1) was a target to predict the 3D structure of PPO.
Atodock4 (Scripps Research, San Diego, CA, USA) was used to analyze the molecular
docking of PPO, POD and naringin. The crystal structure of POD (PDB code: 1FHF) was
obtained from the RCSB PDB protein database. The 3D structure of naringin (Compound
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CID: 442428) was obtained from the NCBI PubChem database. The conformation with the
lowest binding energy was selected as the best docking result [23,24]. The open-source
version of PyMOL software (Delano Scientific LLC, Berkeley, CA, USA) was used for visual
analysis of the docking results [25].

2.7. Statistical Analysis

All results were expressed as the mean + standard deviation (SD) of triplicates and
were analyzed by the IBM SPSS statistical software 26.0 (SPSS, Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA), followed by Duncan’s multiple comparison post-
test (p < 0.05), was used to compare the differences among groups. Pearson’s correlation
coefficient was used to measure the correlation coefficient.

3. Results

The characterization of soybean sprouts and mung bean sprouts sprayed with dif-
ferent concentrations of naringin after three and six days of storage at 4 °C are shown
in Supplementary Figure S1. By observing the hypocotyls of the bean sprouts, it could
be found that the mung bean sprouts of the control group already showed more obvious
browning and wilting after being stored at 4 °C for 3 days. Mung bean sprouts sprayed
with 50 g/mL naringin had a similar hypocotyl color to fresh mung bean sprouts, and no
significant browning was observed. After 6 days of storage, the mung bean sprouts treated
with a 100 ug/mL concentration of naringin had a better appearance, while the browning
of mung bean sprouts sprayed with ultrapure water had become severe, with water loss
and softness. A similar phenomenon was presented in the soybean sprout experiment.

3.1. Effect on Vitamin C Content

The vitamin C content of soybean sprouts and mung bean sprouts sprayed with dif-
ferent concentrations of naringin and stored for 3 and 6 days are shown in Figure 1. After
three days of storage in mung bean sprouts, the vitamin C content of the group treated with
25 pg/mL naringin (23.26 ug/g FW) was significantly higher than that of the control group
(15.35 ng/g FW), displayed as 1.5 times. The vitamin C content decreased with increasing
naringin concentration, then increased and then decreased, with the highest content oc-
curring in the 150 ug/mL concentration of the naringin treatment group (30.24 ug/g FW)
compared to the control group with a double increase. The vitamin C content decreased
in all experimental groups after six days of storage, except for the group treated with
25 ug/mL naringin solution, where the vitamin C content (30.77 nug/g FW) increased. The
overall trend in vitamin C content was similar to that of the 3 day storage; the lowest
content was in the 150 pg/mL concentration naringin treated group (6.79 png/g FW).

After three days of storage, the vitamin C content in soybean sprouts increased and
then decreased as the concentration of naringin treatment increased. The vitamin C content
of the 25 ug/mL naringin solution treated group (33.35 pug/g FW) showed a decrease
compared to the control group, whereas the 150 ug/mL naringin treated group showed a
0.70-fold increase in the vitamin C content (76.31 pug/g FW) compared to the control group.
Similar to the mung bean sprouts, the vitamin C content of soybean sprouts decreased
after 6 days of storage in all experimental groups compared to the third day, except for the
25 pug/mL naringin-treated group (49.59 ug/g FW), which showed an increased vitamin C
content. The group treated with 100 pg/mL naringin had the highest content of vitamin
C (51.66 pg/g FW). Except for the 150 pug/mL naringin-treated group, where the vitamin
C content was slightly lower than the control group; all of the experimental groups were
higher than the control group.
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Figure 1. The vitamin C content of soybean sprouts and mung bean sprouts was stored with different
concentrations of naringin treatment for 3 and 6 days, respectively. (A) Vitamin C content of soybean
sprouts after 3 days of storage. (B) Vitamin C content of soybean sprouts after 6 days of storage.
(C) Vitamin C content of mung bean sprouts after 3 days of storage. (D) Vitamin C content of mung
bean sprouts after 6 days of storage. Bars with different letters indicate significant differences among
the samples (p < 0.05).

3.2. Effect on Polyphenol Composition

The changes in the polyphenol composition of mung bean sprouts sprayed with
different concentrations of naringin solution after 3 and 6 days of storage are shown in
Table 2. Four polyphenolic fractions including gallic acid, caffeic acid, p-coumaric acid,
and ferulic acid were detected in mung bean sprouts by HPLC analysis, all of which are
phenolic acids. After 3 days of storage, the gallic acid, chlorogenic acid, and p-coumaric
acid contents of the mung bean sprouts in the naringin treated group were increased,
and the content of caffeic acid and p-coumaric acid in the 200 ug/mL naringin treated
group was increased by 40% and 26%, compared to the control group, respectively. The
content of ferulic acid showed an overall decreasing trend with the increase in naringin
concentration. After six days of storage, the control group showed an increase in gallic
acid and p-coumaric acid, while the contents of caffeic acid and ferulic acid decreased. The
content of gallic acid in the treated group was reduced overall than on the third day. The
content of caffeic acid increased in all treatment groups except for a significant decrease

in the 200 pug/mL naringin treated group. p-coumaric acid followed the same pattern as
caffeic acid.
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Table 2. The changes in polyphenol fractions of mung bean sprouts sprayed with different concentra-
tions of naringin after 3 and 6 days of storage, the unit is pg/g FW. Three days: results of treatment
after storage for three days; six days: results of treatment after storage for six days. Data (Means =+ SD)
followed by the different letter in the same line indicate statistically significant difference (p < 0.05).

P(olll}g/)gh;rx)l s Processing Time M1 M2 M3 M4 M5 Meé

gallic acid 3d 11.40 + 0.38 a 14.27 + 053 a 11.70 + 1.13a 14.07 +221a 12,50 + 0.76 a 11.95 + 0.36 a
6d 14124+ 0.15a 11.39 + 0.17 cd 12.42 4 0.05 be 12.81 +0.36 b 11.08 + 024 d 10.81 +0.52d

L 3d 19.40 £ 0.17 b 17.71 + 0.11 be 15.77 4+ 0.14 cd 16.93 £ 0.70 cd 15.26 + 0.04 d 2453 +1.35a

caffeic acid 6d 16.09 + 0.16 a 1747 +245a 18.81+0.19a 1845 +2.01a 18.03 + 197 a 14.07 + 547 a
p-coumaric acid 3d 20.88 + 0.64 ¢ 25.14 + 0.53 abe 26.42 + 1.45 be 24.27 + 0.65 be 24.84 + 1.46 be 29.36 +1.86 a
6d 31.76 +0.04 a 2393 +0.05d 25.55 + 0.18 cd 3224 +234a 27.80 =+ 0.79 be 30.78 + 0.03 ab

o 3d 543 +1.58a 463+1.12a 352+0.10a 412+ 047 a 3.88 +0.09 a 353+020a

ferulic acid 6d 3.52 + 0.05 ab 3.55 + 0.20 ab 371+020a 3.67 £ 034a 2.96 & 0.06 b 4.01+0.03a

The changes in the polyphenol composition of soybean bean sprouts sprayed with
different concentrations of naringin solution after 3 and 6 days of storage are shown in
Table 3. Gallic acid, daidzin, rutin, and genistein were found as polyphenolic components
in soybean sprouts, predominantly as flavonoids. The change in gallic acid after three
days of storage was not significant. The content of daidzin showed an overall increasing
trend with naringin concentration with the highest in the 200 ug/mL naringin treated
group (26.06 ug/g FW). The content of both rutin and genistein was higher in the treated
group than in the control group, with the rutin content being highest in the 50 ug/mL
naringin-treated group (35.88 ug/g FW) and the genistein content being highest in the
200 pg/mL concentration naringin-treated group (77.16 pug/g FW). After 6 days of storage,
the content of gallic acid increased, and the content of daidzin decreased in the control,
25 ug/mL, and 200 pg/mL naringin treatment groups while increasing in the remaining
treatment groups. The content of rutin was slightly decreased in the control group but
increased in all of the treated groups, with the same pattern as at 3 days. All of the genistein
content increased relative to three days.

Table 3. The changes in the polyphenol fractions of soybean sprouts sprayed with different concen-
trations of naringin after 3 and 6 days of storage, the unit is ug/g FW. Three days: results of treatment
after storage for three days; six days: results of treatment after storage for six days. Data (Means =+ SD)
followed by the different letter in the same line indicate statistically significant difference (p < 0.05).

I’(o;yg;;;r‘:\t’))l s Processing Time S1 S2 S3 S4 S5 S6
gallic acid 3d 19.29 + 0.09 a 18.06 + 0.36 ab 18.00 + 0.01 ab 19.25 4+ 0.62 a 17.77 +£ 055 b 19.13 + 0.11 ab
6d 2154 + 051 a 2027 +0.19a 21.78 + 0.08 a 2020+ 1.31a 19.72 + 2.06 a 19.74 + 0.01 a
. 3d 17.07 £ 1.15b 19.49 +2.17 ab 1791 + 1.28 ab 19.74 + 1.83 ab 22.80 + 2.72 ab 26.06 £1.30 a
daidzin 6d 16.28 +2.64a 1738 £ 1.39a 1848 +£0.71a 20.46 + 1.38 a 23.67 +2.50 a 23.48 + 3.06 a
) 3d 2744+ 144a 31.82+235a 35.88 +2.39a 30.00 + 2.58 a 35.01 £4.79a 33.63 £ 0.56 a
rutin 6d 2650 £ 524 a 27.95+3.95a 3228 +599a 30.54 +2.45a 36.12 + 4.69 a 3413 £5.03 a
genistein 3d 55.85 + 3.46 b 61.49 +4.42b 65.41 + 2.13 ab 63.88 + 5.00 ab 60.78 £2.29b 7716 + 6.18 a
6d 56.68 + 0.26 b 69.25 + 0.66 ab 64.73 +£1.45b 66.24 + 6.61b 67.92 + 7.95 ab 84.70 + 4.35a

3.3. Effect on Polyphenol Oxidase (PPO) and Peroxidase (POD) Activity

PPO and POD are the two most important enzymes associated with enzymatic brown-
ing. The PPO and POD activities of mung bean sprouts are shown in Figure 2. After 3 days
of storage, PPO activity in mung bean sprouts showed a trend of decreasing and then
increasing with naringin concentration, which were all significantly lower compared to the
control group (p < 0.5). The lowest activity was found in the 150 pug/mL naringin-treated
group, which was 1/4 of the control group activity. The POD activity was significantly
lower (p < 0.5) in all the groups treated with more than 25 pug/mL naringin, which was
slightly higher than the control group. The group treated with 50 pug/mL naringin had
the lowest POD activity, which was 44% lower than the control group. The PPO and POD
enzyme activities decreased overall after 6 days of storage, and the trend of changes in
the groups treated with different concentrations of naringin was similar to that at 3 days,
reaching the lowest in the 150 ug/mL and 200 pg/mL treatment groups, respectively.
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Figure 2. The PPO and POD activities of the mung bean sprouts. (A) PPO activity after 3 days of
storage; (B) PPO activity after 6 days of storage; (C) POD activity after 3 days of storage; (D) POD
activity after 6 days of storage. Bars with different letters indicate significant differences among the
samples (p < 0.05).

The PPO and POD activities of the soybean sprouts are shown in Figure 3. The PPO
and POD activities were significantly higher in the soybean sprouts than in the mung bean
sprouts. The PPO activity decreased with increasing naringin concentration after three
days of storage and reached the lowest in the 150 ng/mL naringin-treated group, which
was 34% of the control group. The POD activity decreased and then increased, reaching the
minimum in the 50 pg/mL naringin treated group. After 6 days of storage, the PPO activity
was lowest in the 50 pg/mL naringin-treated group, which was 62% of the control group.
The POD activity showed an increasing trend followed by a decreasing trend, reaching the
highest in the 50 ug/mL naringin-treated group. This trend was opposite to that of the
POD activity of mung bean sprouts, which might be related to the different absorption and
utilization of naringin in different species.
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Figure 3. The PPO and POD activities of soybean sprouts. (A) PPO activity after 3 days of storage;
(B) PPO activity after 6 days of storage; (C) POD activity after 3 days of storage; (D) POD activity
after 6 days of storage. Bars with different letters indicate significant differences among the samples
(p <0.05).



Foods 2022, 11, 2294

8of 13

3.4. Effect on Oxygen Radical Absorbance Capacity

The variation of oxygen radical absorbance capacity for mung bean sprouts and
soybean sprouts is shown in Figure 4. In the ORAC experiment, we discovered that
the ORAC values of both mung bean sprouts and soybean sprouts in the control and
low concentration (<100 pg/mL) naringin-treated groups increased with the extension of
storage time, while the ORAC values of the high concentration (>100 ug/mL) naringin-
treated group decreased. Under the effect of naringin, the ORAC values of the mung bean
sprouts stored for 3 days were significantly increased, reaching the highest 1.67 times that
of the control group (8.287 pmol TE/g FW). The ORAC value of soybean sprouts stored for
three days in the 50 ug/mL naringin-treated group reached 1.2 times that of the control
group (10.714 umol TE/g FW). However, after 6 days of storage, the ORAC values of both
mung bean sprouts and soybean sprouts in the naringin-treated group were lower than
those of the control group. The ORAC value of soybean sprouts increased relative to three
days of storage, whilst the ORAC value of mung bean sprouts decreased relative to three
days of storage.
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Figure 4. The ORAC values of mung bean sprouts and soybean sprouts, (A): ORAC values of mung
bean sprouts after 3 days of storage, (B): ORAC values of mung bean sprouts after 6 days of storage,
(C): ORAC values of soybean sprouts after 3 days of storage, (D): ORAC values of soybean sprouts
after 6 days of storage. Bars with different letters indicate significant differences among the samples

(p < 0.05).
3.5. Molecular Docking Result

The 3D crystal structure of PPO was obtained by homologous sequence construction
(SWISS-MODEL, https:/ /swissmodel.expasy.org/) (accessed on 10 April 2022) as shown in
Figure 5A. The molecular docking analysis of PPO, POD, and naringin was performed by
autodock4 software and the docking results were visualized using the open source version
of PyMOL software. The results are shown in Figure 5B,C. The lowest binding energy of
PPO and naringin was —1.09 Kcal/mol, forming three hydrogen bonding interactions at
the position of residue ARG-470 and one hydrogen bonding interaction at the positions
of residues ARG-472 and ASP-565 each. The lowest binding energy of POD and naringin
was —0.53 Kcal/mol, and two hydrogen bonding interactions were formed at the THR-232
residues in the A region.


https://swissmodel.expasy.org/

Foods 2022, 11, 2294

90f13

Figure 5. The 3D structure and molecular docking results. (A). The 3D crystal structure of PPO,
(B) PPO and naringin docking results, (C) POD and naringin docking results.

4. Discussion

Through the observation of the appearance characterization of bean sprouts, naringin
can better prevent browning during the storage of sprouts while reducing the water
loss and softening of sprouts, enabling sprouts to maintain the appearance of a more
intact sale. PPO and POD are positively correlated with the browning of bean sprouts.
Yellow-brown quinones are produced by PPO using polyphenols as substrates [26], while
POD employs hydrogen peroxide as an electron acceptor to catalyze the oxidation of the
substrate [27]. The PPO activity of both the mung bean sprouts and soybean sprouts
was significantly reduced after naringin treatment, and the effect was significant for the
samples after three days of storage. It was shown that naringin affected the rate of the
PPO catalysis of polyphenolic substances, and a non-competitive inhibition occurred, thus
reducing the activity of PPO [28,29]. The oxidative stress formed by high concentrations
of naringin (200 pg/mL) prompted an increase in the content of some phenolic acids,
which attenuated the non-competitive inhibitory effect of naringin [30,31]. The inhibitory
effect of naringin on PPO was worse after six days of storage than after three days; this
situation was similar to the phenomenon in the experiment using the Rosa roxburghii extract
to prevent browning in apple juice by KaiboYu et al., which may be related to the oxidative
consumption of naringin [32]. Recent studies have shown that important substrates of
PPO are flavonoids [9,33]. The flavonoid content of soybean sprouts was significantly
higher than that of mung bean sprouts, which is why the PPO activity of soybean sprouts
was significantly higher than that of mung bean sprouts. Naringin was found to have a
significant inhibitory effect on the POD activity of mung bean sprouts in the POD activity
experiments, but a poor inhibitory effect on the POD activity of soybean sprouts. This
indicates that naringin mainly inhibits the enzymatic browning of sprouts by inhibiting the
PPO activity.

According to the molecular docking results, naringin and PPO had lower binding
energy than naringin and POD. The reaction will be more favorable if the binding energy
is lower [24]. The number of hydrogen bonds formed by naringin and PPO was also
higher than that of POD. It indicates that naringin is much easier to combine with PPO
and has a greater effect on the structure of PPO, thus affecting the binding between PPO
and the reaction substrate, reducing the catalytic efficiency of PPO. This conclusion is also
consistent with the results of tests on PPO and POD activity.

The non-enzymatic browning of fresh vegetables is dominated by the oxidative de-
composition of vitamin C [34]. As an important nutritional supplement, the content of
vitamin C is also an important index of the nutritional value of vegetables. Therefore, it is
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important to maintain the vitamin C content in sprouts. After the application of naringin,
both mung bean sprouts and soybean sprouts had higher vitamin C content than the control
group, with the highest level in the treated group being twice that of the control group
after three days of storage for mung bean sprouts and 1.4 times that of the control group
for the treated group of soybean sprouts. This shows that naringin can effectively inhibit
the occurrence of non-enzymatic browning in sprouts. Related studies have shown that
naringin has excellent antioxidant and free radical scavenging ability, which can effectively
reduce the production of free radicals in the organism [35,36]. The use of naringin forms
an antioxidant film on the surface of the sprouts, which reacts preferentially with oxygen.
Thus, the addition of naringin reduced the free radical attack on vitamin C while increasing
the vitamin C content and presenting a certain dose-dependent protective effect. In contrast,
a high concentration of naringin (200 pg/mL) formed a stress, leading to vitamin C loss and
a diminished protective effect of naringin. It is postulated that the substantial reduction
in vitamin C consumption is not only related to the reduction of free radicals, but lower
concentrations of naringin can affect the expression of related enzymes in the metabolic
pathway of vitamin C such as the inhibition of ascorbic acid oxidase enzyme activity, which
slows down the oxidation of vitamin C. Interestingly, we found that the vitamin C content
of the lowest concentration naringin treated group (25 ug/mL) had increased after six
days of storage. Low-intensity exogenous stimulation can put cells in a state of oxidative
stress and induce them to enhance their antioxidant system and synthesize a variety of low-
molecular compounds including ascorbic acid [37,38]. The low concentration of naringin
(25 ng/mL) allowed the bean sprouts to trigger this natural resistance mechanism, leading
to an increase in the vitamin C content during the storage process [25].

Since naringin inhibited the activity of PPO and POD, which affected the reaction
between the PPO and substrate to some extent, the content of some polyphenols was
increased. Phenolic acids were significantly higher in the group treated with high concen-
trations of naringin (200 pug/mL), presumably due to oxidative stress in the sprouts. A
similar phenomenon was observed by Sikora et al. in experiments on the action of vitamin
C on mung bean sprouts [3]. After 6 days of storage, the flavonoid content of soybean
sprouts and mung bean sprouts increased. Flavonoid substances are produced downstream
of the polyphenol metabolic pathway; as the storage time becomes longer, various phenolic
substances enter the downstream reaction, and the accumulation of flavonoid substances
increases. Changes in phenolic acids and flavonoids indicate that naringin may impact
downstream of the phenylpropane pathway. It inhibited the polyphenol metabolic pathway
synthesis toward naringin, while positively regulating the synthesis toward flavones and
flavanols. Previous studies have also shown an association between increased antioxi-
dant activity and increased expression of the phenylpropane pathway, allowing for the
evaluation of phenylalanine ammonia-lyase activity in future studies.

Earlier studies have shown that phenolic acid compounds are the primary antioxidant
substances in mung bean sprouts [39,40], and the content of phenolic acids was increased in
both the soybean sprouts and mung bean sprouts in the treated groups, so the ORAC values
were also increased. Phenolic acids have a higher oxygen radical absorbance capacity than
flavonoids, and the percentage of flavonoids in soybean sprouts was higher, which is why
naringin had no significant effect on the ORAC value of the soybean sprouts. Vitamin C is
an excellent antioxidant in food systems [41], helping to maintain the active state of many
bioactive compounds such as vitamin E, flavonoids, and some phenolic acid. The vitamin
C content was significantly increased under the effect of naringin, therefore, the flavonoids
maintained better activity and the ORAC value increased [37].

5. Conclusions

This study found that the treatment effect of a 50-100 pg/mL concentration of naringin
was optimal to maintain the favorable consumer quality for soybean sprouts and mung
bean sprouts during the storage period of 6 days. Naringin was able to exert a significant
effect on the anti-browning of soybean sprouts and mung bean sprouts. It has a significant



Foods 2022, 11, 2294 11 0f 13

inhibitory effect on ascorbic acid oxidation and enzymatic browning, can effectively inhibit
the activity of PPO and POD, and increase the content of vitamin C. Additionally, it
also increased the content of gallic acid, p-coumaric acid, daidzein, and genistein, which
improved the antioxidant capacity of bean sprouts at the same time. Further studies on the
mechanism of the anti-browning effect of naringin are necessary. Naringin is inexpensive
and can be obtained from the by-products of grapefruit cultivation and production. The
results of this study provide strong support for the use of naringin as a preservative
for soybean sprouts and mung bean sprouts while improving their nutritional quality.
The present results also indicate the possibility of promoting naringin as a plant-based
preservative for the postharvest treatment of fresh fruits and vegetables.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11152294 /51, Figure S1: The characterization of soybean
sprouts and mung bean sprouts sprayed with different concentrations of naringin after three and six
days of storage at 4 °C.
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