
Research Article
Effect of Pretreatments on Releasing of Bound Phenolics from
Dried Bamboo Shoots during Simulated In Vitro
Colonic Fermentation

Jianping Xiao, Anping Li , Yumei Tang, Hexingzi Cheng, Pei Yang, and Hanze Liu

College of Food Science and Engineering, Central South University of Forestry and Technology, Changsha, Hunan 410004, China

Correspondence should be addressed to Anping Li; lianping67@163.com

Received 5 May 2023; Revised 28 August 2023; Accepted 22 September 2023; Published 5 October 2023

Academic Editor: Kandi Sridhar

Copyright © 2023 Jianping Xiao et al. Tis is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Salt-dried bamboo shoots (SDBS), steamed dried bamboo shoots (TDBS), fumigation-dried bamboo shoots (UDBS), and
fermentation-dried bamboo shoots (FDBS) are four popular types of dried bamboo shoots (DBS) enjoyed by Chinese people. In
this work, we aimed at investigating the release pattern of bound phenolics fromDBS prepared by diferent processes on simulated
in vitro colonic fermentation. Te results showed that nine phenolic compounds were identifed from DBS, including seven
phenolic acids and two favonoids. Also, the contents of chlorogenic acid, p-coumaric acid, and ferulic acid were higher. Among
the four types of DBS, FDBS exhibited the highest release of bound phenolics during colonic fermentation, with a value of
3.619mg GAE/g DW. In addition, all the DBS produced four short-chain fatty acids (SCFAs), with the highest content of acetic
acid at 7.721mmol/L, followed by propionic acid and valeric acid, and the lowest content of butyric acid at only 0.023mmol/L,
along with a gradual decrease in their cellulose, hemicellulose, and lignin contents. Concurrently, confocal laser scanning
microscopy (CLSM) observation images showed that reduced red fuorescence exhibited a decrease in bound phenolics content,
while reduced green fuorescence indicated a decrease in fber content. A signifcant positive correlation (P< 0.05) was observed
between the release of bound phenolics and total SCFA production during colonic fermentation of SDBS, TDBS, UDBS, and
FDBS, with correlation coefcients of 0.632, 0.844, 0.717, and 0.916, respectively, and a signifcant negative correlation (P< 0.05)
with the IC50 values for the inhibition of α-amylase and α-glucosidase, with correlation coefcients of −0.643, −0.613, −0.823, and
−0.839, respectively. Te four DBS were ranked in descending order of bound phenolic release, SCFA production, dietary fber
reduction, and inhibitory activity associated with the metabolic syndrome: FDBS, TDBS, SDBS, and UDBS. DBS released large
amounts of bound phenolics and produced SCFAs during colonic fermentation, which might be potentially benefcial for
maintaining intestinal microbiota balance.

1. Introduction

Phenolics are an important secondary metabolite of plants,
and a large number of clinical trials have shown that they
have many benefcial efects on human health [1–3]. For
example, phenolics released from bamboo shoots have
strong antioxidant activity, anticancer ability, and anti-
tumour potential [4]. Moreover, the free phenolics are
susceptible to oxidative damage, whereas bound phenolics
are tightly bound to macromolecular substances with higher
stability and bioaccessibility [5]. Recent studies have shown
that only 5–10% of phenolics consumed by humans are

absorbed into the small intestine, and in particular, bound
phenolics are able to resist digestion in the stomach and
small intestine to reach the bottom of the digestive tract for
colonic fermentation and release [6, 7]. Furthermore, bi-
directional interaction exists between phenolics and gut
microorganisms [8].Te experiments on the release patterns
of bound phenolics from wheat bran during simulated
in vitro gastrointestinal digestion and colonic fermentation
have shown that the dietary fber is partially or completely
fermented in the colon; simultaneously, bound phenolics are
released and absorbed by the colonic epithelial cells, which
may contribute to the maintenance of a balanced intestinal
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microbiota [9]. In addition, the research on changes in the
bioactivity of phenolics from roasted cofee beans during
colonic fermentation has indicated that phenolics afect the
production of short-chain fatty acids (SCFAs) to some ex-
tent [10]. SCFAs are mainly fermented by anaerobic bacteria
in the colon using indigestible carbohydrates such as dietary
fber, resistant starch, and oligosaccharides as the main
products [11, 12] and play an important role in the main-
tenance of the normal function of the large intestine and the
morphology of colonic epithelial cells [13]. Furthermore,
Flint et al. [14] have demonstrated the benefcial efects of
SCFAs on the control of obesity and diabetes.

Fresh bamboo shoots are processed and dried to obtain
dried bamboo shoots (DBS) with diferent properties of
bound phenolics [15, 16]. Salt-dried bamboo shoots (SDBS),
steamed dried bamboo shoots (TDBS), fumigation-dried
bamboo shoots (UDBS), and fermentation-dried bamboo
shoots (FDBS) are four popular types of dried bamboo
shoots (DBS) enjoyed by Chinese people. DBS not only
contain a great deal of high-quality dietary fber, but they are
also rich in phenolics, mainly in the form of bound phenolics
[4]. Xiao et al. [17] have shown that only a small portion of
bound phenolics fromDBS are released after gastrointestinal
digestion, but it is not clear how they are further released
once entering the colon. Herein, in this work, we investigate
the release pattern of bound phenolics from four DBS during
simulated in vitro colonic fermentation after gastrointestinal
digestion, in order to provide guidance and reference for
processing methods of DBS.

2. Materials and Methods

2.1. Material. Fresh bamboo shoots (Phyllostachys edulis)
were obtained from Wangcheng District, Changsha City,
Hunan Province. α-Amylase (10U/mg), α-glucosidase
(66U/mg), and p-nitrophenyl-α-D-glucopyranoside
(pNPG) were purchased from Sigma-Aldrich (St. Louis,
MO). Pepsin (>3000U/mg), trypsin (130U/mg), and bile
salt (from porcine) were obtained from Yuanye Bio-
technology Co., Ltd. (Shanghai, China). Individual phenolic
standards were supplied by Solarbio Technology Co., Ltd.
(Beijing, China). Folin–Ciocalteu phenol reagent, Tween-80,
acarbose, metaphosphoric acid, and individual SCFA
standards were purchased from Macklin Biotechnology Co.,
Ltd. (Shanghai, China). All other reagents were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China).

2.2. Preparation and Simulated In Vitro Gastrointestinal
Digestion of DBS

2.2.1. Te Preparation Methods of DBS. Te preparation
methods of DBS were adopted from Xiao et al. [17]. Briefy,
fresh bamboo shoots were sliced, and then, slices were
soaked in 5% salt water for 24 h and dried at 60°C for 24 h to
acquire SDBS. Slices were steamed 3 times for 1 h each, then
fushed with cold water to 25°C, and dried at 60°C for 15 h to
obtain TDBS. Slices were fumigated at high temperatures for
18 h with smoke from burning wood to provide UDBS. Slices

were added with 4% salt and sealed and naturally fermented
for 7 d at room temperature in a fermentation vat and then
exposed to the sun for 48 h to gain FDBS.

2.2.2. Simulated In Vitro Gastrointestinal Digestion of DBS.
Simulated in vitro gastrointestinal digestion of DBS has been
carried out using the methodology proposed by Ji et al. [18].
First, DBS was crushed and sieved through 180 meshes and
homogenized in 80% (v/v) methanol to remove free phe-
nolics. Second, gastric fuid, pepsin, intestinal fuid, trypsin,
and bile salt were successively added to simulate in vitro
gastrointestinal digestion. Once gastrointestinal digestion
was fnished, the mixture was centrifuged. Finally, the
residues were freeze-dried and stored at −20°C as an initiator
of in vitro colonic fermentation.

2.3. Simulated In Vitro Colonic Fermentation

2.3.1. Preparation of Colonic Fermentation Growth Medium.
Preparation of colonic fermentation growth medium
employed the following procedures described by Chait et al.
[19] with few modifcations. 2.0 g peptone, 2.0 g yeast ex-
tracts, 0.5 g L-cysteine, 0.5 g bile salt, 0.1 g NaCl, 0.04 g
KH2PO4, 0.01 g MgSO4·7H2O, 0.01 g CaCl2·6H2O, 2 g
NaHCO3, 0.01 g vitamin K1, 1mL resazurin solution (1%,
m/v), and 2mL Tween-80 were weighed, dissolved with
ultrapure water, and formulated into 1000mL of colonic
fermentation growth medium and then sterilized by auto-
claving at 121°C for 20min.

2.3.2. Preparation of Fecal Slurries. Te preparation of fecal
slurries was performed based on previously reported pro-
cedures with slight modifcations [20]. Fresh fecal samples
were obtained from 3 healthy male donors aged 20–25 years,
who did not have an intestinal disease, maintained a poly-
phenol-free diet, and had not received probiotic or antibiotic
treatment for 1month. Fecal samples were collected within 1 h
of defecation and mixed in a ratio of 1 :1 :1 under the N2
atmosphere, subsequently, diluted and blended with 10%
sterile phosphate-bufered saline (PBS) at a ratio of 1 : 5 (m : v),
and fnally fltered through double layers of sterile cotton
gauge to obtain 200 g/L fecal slurries.

2.3.3. Construction of Colonic Fermentation Models.
Construction of the colonic fermentation model was con-
ducted as described by Dong et al. [21] with slight adap-
tations. In short, 0.5 g DBS obtained after the gastrointestinal
digestion step was mixed in 11mL of growth medium and
9mL of fecal slurries. After that, the mixtures were incubated
at 37°C, 160 rpm under anaerobic conditions, and taken out
at 0.5, 6, 12, 24, and 48 h, respectively. In addition, 11mL of
growth medium and 9mL of fecal slurries were added to
a blank group in the same case to correct for interference
from colonic microbiota and growth medium. As soon as
colonic fermentation was completed, the mixtures were
immediately centrifuged (4°C, 15min, and 7100 g). Addi-
tionally, the colonic fermentation supernatant was stored as
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the sample solution at −20°C for further analysis, and the
residues were freeze-dried for dietary fber determination
and CLSM testing.

2.4. Determination of Total Phenolic Content. Te content of
bound phenolics released from DBS at diferent colonic
fermentation stages was detected according to the
Folin–Ciocalteu assay by Li et al. [22] with some adaptations.
In brief, supernatants from each colonic fermentation stage
were used as sample solutions to be determined. Also, the
results were indicated as milligrams of gallic acid equivalents
per gram of sample dry weight (mg·GAE/g DW).

2.5. Determination of Composition and Content of Phenolic
Compounds. Te composition and content of phenolic
compounds were analyzed, as previously described method
in Jakobek et al. [23] with light modifcations. First of all, the
sample solution was concentrated in a vacuum at 40°C and
reconstituted with 80% (v/v) methanol and then fltered
through a 0.45 μm membrane flter. Similarly, nine stan-
dards were prepared in the same way.

Quantitative and qualitative analyses of phenolic com-
pounds in colonic fermentation supernatants were quanti-
fed using an LC-30A HPLC system (Shimadzu Inc., Kyoto,
Japan), equipped with an Agilent Zorbax SB-C18
250× 4.6mm, 5 μm column (Palo Alto, CA, USA), and
a UV-VIS detector. Briefy, mobile phases were HPLC grade
methanol (A) and ultrapure water with 0.1% formic acid
solution (B). Te elution program is as follows: Solution B:
0–5min, 90%; 5–18min, 80–65%; 18–22min, 65-50%;
22–30min, 50–35%. Besides, other HPLC conditions in-
cluded a fow rate of 1mL/min, injection volume of 10 μL,
column temperature of 40°C, and detection wavelength of
280 nm.

2.6. Measurement of SCFAs and pH

2.6.1. Determination of pH Value. Te pH values simulated
in vitro fermentation samples were measured by Fu et al. [24]
with some modifcations. In brief, in vitro fermentation
samples of diferent groups were collected at 0.5, 6, 12, 24,
and 48 h, respectively, and immediately centrifuged at 4°C,
8000 rpm for 15min to segregate the supernatants. Te
pH value of each supernatant was determined by a pHmeter
(Mettler Toledo, Switzerland).

2.6.2. Measurement of SCFAs Production. Te SCFAs pro-
duction was measured by Tang et al. [25] with minor ad-
aptations. Centrifuged supernatants at each stage of colonic
fermentation were used as the sample solution for this
experiment. First, 0.2mL of 25% (m/v) metaphosphoric acid
was mixed with 1mL of sample solution. After acidifcation
in an ice bath for 1 h, the mixtures were centrifuged at
10, 000g for 10min under 4°C and fnally fltered through
0.22 μm membrane flters. Likewise, four standards were
dissolved in ultrapure water and also passed through
membrane flters.

Te analysis of SCFAs in colonic fermentation super-
natants was carried out with the utilization of an HS-GC
system (Shimadzu Inc., Kyoto, Japan) equipped with
a fame ionization detector (FID) and a Rtx-Wax column
(30m × 0.25mm, 0.25 μm). Nitrogen was used as carrier gas
at a fow rate of 24mL/min with a split ratio of 8 : 1, and
hydrogen and air at a fow rate of 40 and 400mL/min,
respectively.Te oven temperature was initially set at 100°C
for 0.5min, then ramped up to 180°C at 5°C/min, and
eventually held at 200°C for 5min with the rate of 20°C/
min. Besides, the temperatures of the FID detector and
injection port were set at 230°C and 220°C, respectively. All
results were expressed in mmol/L for further statistical
analysis.

2.7. Determination of Dietary Fiber Content

2.7.1. Cellulose Content Analysis. Te analysis of cellulose
content in bamboo shoot residues from each colonic fer-
mentation stage was adopted from Li et al. [26] with a few
modifcations. 4mL of mixture solution of 2% acetic acid
and 2% HNO3 in a ratio of 1 :1 (v : v) was added to 0.05 g of
residues and incubated in a boiling water bath for 25min,
and then, precipitates were washed 3 times. Subsequently,
10mL of 10% H2SO4 and 0.1M K2Cr2O7 in a ratio of 1 :1 (v :
v) were added and incubated in boiling water for 10min.
After cooling, 5mL of 20% (m/v) KI and 1mL of 0.5% (m/v)
starch solution were added, and then, 0.1M Na2S2O3 was
added until the mixture just turned blue and did not change
color for 0.5min. In addition, a blank experiment was set up
as a control. Cellulose content was calculated using the
following equation:

cellulose content(%) �
K(a − b)

24n
, (1)

where “24” is the titration constant of 1mol of cellulose
(characterized as C6H10O5) equivalent to Na2S2O3; “K” is the
concentration of Na2S2O3, mol/L; “a” is the volume of
Na2S2O3 consumed in blank control, mL; “b” is the volume
of Na2S2O3 consumed in test, mL; and “n” is the mass of
DBS, g.

2.7.2. Hemicellulose Content Analysis. Te analysis of
hemicellulose content in bamboo shoot residues from each
colonic fermentation stage has been carried out using the
methodology proposed by Wu et al. [27] with some adap-
tations. 4.5mL of 80% (m/v) Ca(NO3)2 was added to 0.05 g
of residues and incubated in a boiling water bath for 5min
and then centrifuged. Next, 10mL of 2M HCl was added
and incubated in boiling water for 45min. After cooling,
phenolphthalein was added, and the mixture solution was
neutralized with 2M NaOH until it was rose-colored, and
then diluted to 35mL and fltered. Subsequently, 1.5mL of
color reagent was mixed with 2mL of fltrate and then boiled
in a water bath for 5min. Finally, the mixture solution was
fxed to 15mL, and absorbance was recorded at 540 nm.Te
results were compared with the glucose standard curve to
calculate the hemicellulose content.
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2.7.3. Lignin Content Analysis. Te analysis of lignin content
in bamboo shoot residues from each colonic fermentation
stage was conducted using the method reported by Javier-
Astete et al. [28] with few modifcations. 5mL of 1% acetic
acid was mixed with 0.05 g of DBS pellets and soaked for 1 h,
and then, precipitates were washed 3 times. Next, 4mL of
a mixture solution of ethanol and ether was added, soaked,
washed, and evaporated in a boiling water bath. Afterwards,
3mL of 72%H2SO4 was added and soaked for 16 h, and then,
5mL of distilled water was added and boiled for 5min. After
cooling, 5mL of distilled water and 0.5mL of 10% (m/v)
BaCl2 were continued to be added and mixed, and pre-
cipitates were washed and dried. Subsequently, 10mL of
a mixture solution of 10% H2SO4 and 0.05M K2Cr2O7 in
a ratio of 1 :1 (v : v) was added and incubated in a boiling
water bath for 15min. After cooling, 5mL of 20% (m/v) KI
and 1mL of 0.5% (m/v) starch solution were added. Finally,
0.2M Na2S2O3 was added until the mixture solution just
turned blue and did not change color for 0.5min. In ad-
dition, a blank experiment was set up as a control. Lignin
content was calculated using the following equation:

lignin content(%) �
K(a − b)

48n
, (2)

where “48” is the titration constant of 1mol of lignin
(characterized as C11H12O4) equivalent to Na2S2O3; “K” is
the concentration of Na2S2O3, mol/L; “a” is the volume of
Na2S2O3 consumed in blank control, mL; “b” is the volume
of Na2S2O3 consumed in test, mL; and “n” is the mass of
DBS, g.

2.8. InhibitoryActivities ofEnzymesAssociatedwithMetabolic
Syndrome. Te α-amylase and α-glucosidase inhibition
assays adopted the method of Burgos-Edwards et al. [29]
with minor modifcations. Centrifuged supernatants at each
stage of colonic fermentation were used as the sample so-
lution for this experiment.

2.8.1. α-Amylase Inhibition Assay. In short, 100 µL of sample
solution was mixed with 100 µL of 1% (m/v) soluble starch
solution and incubated at 37°C for 5min. Next, 100 µL of
α-amylase solution (8U/mL) was added and incubated at
37°C for 20min, and then, 200 µL of color reagent was added
and boiled for 15min. Finally, 40 µL of the mixture solution
was diluted with 210 µL of PBS, and absorbances were
recorded at 540 nm. Acarbose served as a positive control for

both assays. Te inhibitory activity of α-amylase was cal-
culated using the following equation:

α − amylase inhibitory activity (%) � 1 −
A1 − A0

A2 − A0
  × 100,

(3)

where “A0” is the blank control group without adding
sample solution and enzyme, “A1” is the sample group, and
“A2” is the control group without adding sample solution.

Te sample solution concentration and the α-amylase or
α-glucosidase inhibition rate were used as the regression
equation to calculate the sample solution concentration at
50% inhibition, and the results were expressed as IC50 values.

2.8.2. α-Glucosidase Inhibition Assay. Likewise, 20 µL of
sample solution was mixed with 20 µL of α-glucosidase
solution (0.2U/mL) for 3min at 37°C, and 40 µL of p-
nitrophenyl-α-D-glucopyranoside (10mM) was added and
incubated for 10min. Finally, 100 µL of 0.2M Na2CO3 was
added, and absorbances were recorded at 540 nm upon
completion of the reaction. Te calculation manner was
similar to the α-amylase inhibition assay.

2.9. Confocal Laser Scanning Microscopy. Te observation
confocal laser scanning microscopy (CLSM, Leica TCS SP8,
Leica Microsystems Inc., Heidelberg, Germany) was per-
formed with the method described by Zhang et al. [9]. Te
residues from diferent colonic fermentation stages were
stained with a fuorescent dye consisting of 1mg/mL Congo
red. Images of fbers or spontaneous fuorescent phenolics
were captured at 488 nm or 408 nm excitations, respectively.

2.10. Statistical Analysis. Te above tests were conducted in
triple parallel trials, except for special instructions. Corre-
lations between datasets were estimated by the Pearson
correlation coefcient. One-way analysis of variance
(ANOVA) with Duncan post hoc test was used to analyze the
signifcance of the diference between groups by SPSS 22.
Plots were carried out using Origin 2018.

3. Results and Discussion

3.1. Release of Bound Phenolics from DBS during In Vitro
Colonic Fermentation. Te bound phenolics were further
released from DBS after gastrointestinal digestion, and the

Table 1: Te content of bound phenolics released from DBS during colonic fermentation (mg·GAE/g DW).

Fermentation time (h) SDBS TDBS UDBS FDBS
0.5 0.370± 0.021b 0.431± 0.034a 0.366± 0.003b 0.430± 0.021a
6 1.144± 0.018c 1.536± 0.015a 0.683± 0.058d 1.431± 0.028b
12 2.146± 0.034b 2.599± 0.028a 0.875± 0.111c 2.528± 0.027a
24 2.844± 0.026b 3.119± 0.109a 1.118± 0.030c 3.034± 0.022a
48 3.054± 0.126c 3.352± 0.018d 1.242± 0.050b 3.619± 0.089a
Control 5.630± 0.096b 5.406± 0.092b 2.590± 0.056c 6.156± 0.322a

a, b, c, and d indicate that there was a signifcant diference in release amounts of bound phenolics from four DBS at the same fermentation stage, P< 0.05;
“Control” indicate the content of bound phenolics from the four kinds of DBS before colonic fermentation.
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release regularity of bound phenolics from four kinds of DBS
during in vitro colonic fermentation is presented in Table 1.
It was evident from Table 1 that the release amount of bound
phenolics from all DBS increased gradually. In particular,
the release amount of bound phenolics in SDBS, TDBS,
UDBS, and FDBS was reduced from 5.630, 5.406, 2.590, and
6.156mg·GAE/g DW to 3.054, 3.352, 1.242, and
3.619mg·GAE/g DW, respectively.

Besides, bound phenolics in DBS were further released
by the action of microorganisms during colonic fermenta-
tion. Most interestingly, the release amount of bound
phenolics from DBS at 48 h colonic fermentation ranged
from high to low: FDBS, TDBS, SBDS, and UDBS. Te
reason may be that UDBS were prepared by smoking at high
temperatures, resulting in the destruction of large amounts
of bound phenolics. However, FDBS were prepared under
relatively mild conditions so that bound phenolics were
minimally destroyed. Besides, the action of enzymes pro-
duced by lactic acid bacteria may be attenuated by the
hydrophobic interactions between bound phenolics and
fbers, which in turn promotes the release of bound phe-
nolics from FDBS [30, 31].

3.2. Chemical Compositions of Bound Phenolics Released from
DBS. Te main chemical compositions and contents of
bound phenolics released from DBS during in vitro colonic
fermentation are reported in Table 2 and Figure 1. According

to Table 2, SDBS, TDBS, UDBS, and FDBS released nine
phenolic compounds during colonic fermentation, in-
cluding seven phenolic acids and two favonoids, with high
levels of chlorogenic acid, p-coumaric acid, and ferulic acid.
However, Miranda-Hernández et al. [32] detected mainly
proanthocyanidins as phenolics in lychee pericarp, and Souf
et al. [33] detected mainly hydroxytyrosol, trichothecenes,
and cafeic acid in olives, suggesting that the type of phe-
nolics is related to the food matrix. In addition, the sum
release amounts of chlorogenic, p-coumaric, and ferulic acid
liberation from SDBS, TDBS, UDBS, and FDBS at 48 h
fermentation were 50.2%, 64.3%, 59.5%, and 47.6% of their
total, respectively. Moreover, much higher levels of poly-
phenol compounds were detected during colonic fermen-
tation than gastrointestinal digestion [17].

In addition, there was a certain discrepancy in the
release amount of bound phenolics from four DBS at the
same fermentation stage. We also discovered that the re-
lease amount of bound phenolics was signifcantly larger in
FDBS and TDBS than in SDBS and UDBS before 24 h
fermentation (P< 0.05) whereas it was signifcantly larger
in SDBS, TDBS, and FDBS than in UDBS at 48 h fer-
mentation (P< 0.05). Te reason may be that the other
three types of dried bamboo shoots had relatively dense
structures, and their bound phenolics were released slowly.
While UDBS was smoked at high temperatures for a long
time during processing, therefore, it had a looser structure,
so its bound phenolics were susceptible to rapid release.
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Figure 1: HPLC chromatograms of bound phenolics released from DBS during colonic fermentation. (1) Gallic acid; (2) catechin; (3)
p-hydroxybenzoic acid; (4) chlorogenic acid; (5) cafeic acid; (6) syringic acid; (7) p-coumaric acid; (8) ferulic acid; (9) rutin acid.
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Figure 2: Production of SCFAs and change of pH values in DBS during colonic fermentation. A, B, C, and D indicated that there was
a signifcant diference in the production of SCFAs in the fermentation supernatant of four DBS at the same fermentation stage, P< 0.05.
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Besides, the phenolics without dietary fber protection were
easily degraded or transformed by intestinal microorgan-
isms, and the longer the exposure, the greater the risk.
Bermúdez-Soto et al. [34] confrmed that the presence of
digestive enzymes and intestinal microorganisms could
induce structural transformation or degradation of phe-
nolic compounds in wild cherry juice during in vitro
gastrointestinal digestion.

3.3. Production of SCFAs and pHValues inDBS. SCFAs were
the main terminal products of dietary fber during colonic
fermentation with the action of intestinal microorganisms,

which played an important role in regulating the osmotic
pressure and maintaining the normal function of the colon
[35]. Te production of SCFAs and change of pH during
in vitro colonic fermentation of DBS prepared by diferent
processes are illustrated in Figure 2.

Te DBS produced SCFAs, with the largest amount of
acetic acid at 7.721mmol/L, followed by propionic acid and
valeric acid, and the lowest amount of butyric acid at
0.023mmol/L.We also found a lower production of SCFAs in
the precolonic fermentation period; however, the production
of SCFAs was higher at 24 h and 48 h fermentation. In ad-
dition, the production of SCFAs was signifcantly higher in
FDBS and TDBS than in SDBS and UDBS (P< 0.05).
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Figure 3: Changes in cellulose, hemicellulose, and lignin contents of DBS during colonic fermentation. A, B, C, D, and E indicate that there
was a signifcant diference in dietary fber contents of the same DBS at diferent fermentation stages, P< 0.05.
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Tere were signifcant positive correlations between
release amounts of bound phenolics from SDBS, TDBS,
UDBS, and FDBS (Table 1) and their total SCFA pro-
ductions (Figure 2) during in vitro colonic fermentation,
with correlation coefcients of 0.632, 0.844, 0.717, and
0.916, respectively. Tis seems to indicate that the release of
phenolics from DBS promoted the production of SCFAs.
Furthermore, the total SCFA productions of SDBS, TDBS,
UDBS, and FDBS were signifcantly and negatively cor-
related with the pH values of their fermentation super-
natants, with correlation coefcients of −0.643, −0.613,
−0.823, and −0.839, respectively, refecting that the de-
crease in pH could be accounted for the high production of
SCFAs. It was also found that the pH of the fermentation
supernatant decreased signifcantly (P< 0.05) with longer
fermentation time due to the production of large amounts
of SCFAs [25].

3.4. Te Content of Cellulose, Hemicellulose, and Lignin in
DBS. Te major dietary fbers of DBS included cellulose,
hemicellulose, and lignin, and their reduction during
in vitro colonic fermentation is depicted in Figure 3. It
could be noted from Figure 4 that the dietary fber contents
in DBS decreased during this period. Interestingly, cel-
lulose and hemicellulose contents of four DBS decreased
faster than lignin (P< 0.05). Meanwhile, cellulose and
hemicellulose contents in FDBS dropped more quickly
than SDBS, TDBS, and UDBS (P< 0.05). Te reason could
be that dietary fber was available to intestinal microor-
ganisms during colonic fermentation [36], particularly
cellulose and hemicellulose in FDBS appeared to be easier
for microorganisms to utilize as fermentation substrates
and consequently decreased more and faster.

Most interestingly, the negative correlation between the
dietary fber content and the total SCFA production during
colonic fermentation is presented in Table 3. As shown in
Table 3, cellulose, hemicellulose, and lignin contents of DBS
were negatively correlated with their total SCFA productions
(P< 0.05), while the correlation coefcients were higher for
TDBS and FDBS than for SDBS and UDBS. Besides, anaerobic
bacteria in the colon utilized dietary fber as a substrate for
fermentation and producing metabolites such as SCFAs,
which had a critical role in maintaining a balanced intestinal
fora and inhibiting the growth of undesirable bacteria [13, 14].

3.5. Inhibitory Activities of α-Amylase and α-Glucosidase by
the Fermentation Supernatants from DBS during In Vitro
Colonic Fermentation. α-Amylase and α-glucosidase play
key roles in carbohydrate digestion, and inhibition of their
activities can suppress the rapid rise of blood glucose in the
body. Hemalatha et al. [37] showed that acarbose is
a common α-amylase and α-glucosidase inhibitor and was
used as a positive control in this experiment. Te results of
the inhibitory ability of fermentation supernatants during
in vitro colonic fermentation are shown in Figure 4.

Te IC50 values for both α-amylase and α-glucosidase
inhibition in DBS gradually decreased along with the in-
creasing duration of colonic fermentation in Figure 4, which
indicated a progressive enhancement in their inhibitory ca-
pacities. In general, the fermentation supernatants of four DBS
exhibited a certain ability to inhibit α-amylase after 12 h fer-
mentation, with the IC50 values for α-glucosidase inhibition in
TDBS and FDBS signifcantly lower than that in SDBS
(P< 0.05), which in turn were signifcantly lower than UDBS
(P< 0.05). Moreover, the IC50 values for α-glucosidase in-
hibition in SDBS, TDBS, and FDBS were signifcantly lower
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Figure 5: CLSM images of SDBS, TDBS, UDBS, and FDBS residues at diferent colonic fermentation stages (scale was 60 μm). A, B, and C on
the same color histogram indicate signifcant diferences in fuorescence intensities of the same DBS at diferent fermentation stages,
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than that in UDBS after 24 h fermentation (P< 0.05). Adi-
sakwattana et al. [38] confrmed that ferulic acid was a strong
α-glucosidase inhibitor; meanwhile, the results in Table 1
showed that ferulic acid was present in all four DBS fer-
mentations; therefore, the inhibition activity of α-glucosidase
was probably attributed to the release of a certain amount of
ferulic acid from DBS during colonic fermentation.

On the one hand, the fermentation supernatants of
SDBS, TDBS, UDBS, and FDBS exhibited a signifcant
negative correlation between their IC50 values for inhibition
activities of α-amylase and α-glucosidase and the release
amount of bound phenolics during in vitro colonic fer-
mentation (P< 0.05), with correlation coefcients of −0.945,
−0.987, −0.953, and −0.981 and −0.952, −0.952, −0.982, and
−0.952, respectively. As a result, DBS fermentation super-
natants showed the ability to inhibit sugar metabolism in
organisms and delay the carbohydrate digestion process
[39]. Interestingly, the inhibition capacity of four DBS for
metabolic syndrome-related enzymes was in descending
order of FDBS, TDBS, SDBS, and UDBS, and this sequence
was generally consistent with the ranking of bound phenolic
release shown in Table 1. Espı́n et al. [12] clarifed that
biotransformed polyphenols under the action of intestinal
microfora could reach the small intestine again through
hepatoenteral circulation, which could help control the
postprandial blood glucose.

On the other hand, the fermentation supernatants of
SDBS, TDBS, UDBS, and FDBS observed a signifcant
negative correlation between their IC50 values for α-amylase
and α-glucosidase inhibition and their total SCFA pro-
ductions during in vitro colonic fermentation (P< 0.05),
with correlation coefcients of −0.840, −0.767, −0.737,
−0.849 and −0.829, −0.828, −0.683, −0.927, respectively.
Terefore, it could be concluded that the inhibitory activities
of DBS on α-amylase and α-glucosidase were also correlated
with their total SCFA productions. Furthermore, it was
proven that an increased risk of diabetes mellitus type 2
(T2D) was associated with a defciency of SCFAs in the colon
[40, 41]. However, maybe we need in vivo experiments to
further confrm this efect.

3.6. CLSM. In order to research the release pattern of bound
phenolics from DBS at diferent fermentation stages, fuo-
rescence images were carried out using CLSM after Congo
red staining. Te results of CLSM observation and fuo-
rescence intensity quantifcation of diferent DBS during
colonic fermentation are presented in Figure 5. Tang et al.
[42] showed a positive correlation between fuorescence
intensity and phenolic content. Te red fuorescence ob-
served by CLSM was caused by the autofuorescence of
phenolic compounds such as ferulic acid [43], and the green
fuorescence was presented by the fber particles [9].

Te red fuorescence and green fuorescence of DBS
gradually diminished with the increase of colonic fermen-
tation, indicating the continuous release of bound phenolics
and the decrease of dietary fber in DBS.Te red fuorescence
intensity was consistent with the changing pattern of bound
phenolic content of four DBS particles during in vitro

colonic fermentation. FDBS particles had the strongest red
fuorescence, followed by SDBS and TDBS, and UDBS was
the weakest.

As seen in the fgure, although the structure of DBS fber
particles was relatively intact during the precolonic fer-
mentation period, the fber structure began to disintegrate.
At the late fermentation stages, especially after 24 h of co-
lonic fermentation, the DBS particles broke into small
fragments, and there was an obvious cell wall structure
disintegration, which indicated that a variety of enzymes
produced by the intestinal microfora had acted to break
down the plant cell wall structure, leading to the DBS
particles decreasing and the green fuorescence diminishing
gradually, and our results are in agreement with Zhang
et al. [9].

4. Conclusions

In summary, the bound phenolics in DBS prepared by
diferent processes were further released under the actions of
intestinal microorganisms after simulated in vitro gastro-
intestinal digestion into the colon. Te results exhibited that
nine phenolic compounds were identifed in DBS, including
seven phenolic acids and two favonoids, with higher con-
tents of chlorogenic acid, p-coumaric acid, and ferulic acid.
In addition, DBS produced SCFAs, including acetic, pro-
pionic, butyric, and valeric acids, while their dietary fber
contents gradually decreased. All four DBS produced fewer
SCFAs in the early stage of fermentations, however, and
generated more SCFAs at 24–48 h fermentation. Moreover,
a signifcant positive correlation (P< 0.05) was found be-
tween the release amount of bound phenolics and the
production of total SCFA, and a signifcant negative cor-
relation (P< 0.05) was discovered between the release
amount of bound phenolics and the IC50 values for in-
hibition of enzyme activities associated with metabolic
syndrome. Furthermore, the release amount of bound
phenolics, the production of SCFAs, the decrease in dietary
fbers, and the inhibition of enzymes related to metabolic
syndrome for DBS were in descending order: FDBS, TDBS,
SDBS, and UDBS. Among four DBS, FDBS provided a better
performance during simulated in vitro colonic fermentation.

However, we only provided a simple qualitative analysis
of the bound phenolic species released fromDBS and did not
provide a detailed description regarding the utilization of
phenolics by gut microorganisms for metabolism or
transformation during colonic fermentation. Terefore, the
interaction between phenolics in DBS and intestinal mi-
croorganisms can be explained in more depth with 16S
rRNA. Besides, we only investigated the release of bound
phenolics from DBS during simulated in vitro colonic fer-
mentation, but in vivo experimental results can be further
verifed using animal tests in subsequent research.
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