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Abstract: This study investigated the effect of barley vinegar on constipation by regulating the
structure of intestinal microbiota and the level of short-chain fatty acids (SCFAs). BALB/c mice
with loperamide-induced constipation were treated with barley vinegar in the intervention. After
treatment, constipation-related factors were identified. The effect of barley vinegar on the composition
of the intestinal microbiota was evaluated by means of 165 rDNA gene sequencing, and the content
of SCFAs in enteral feces was determined via the GC-MS method. Treating constipated mice with
barley vinegar accelerated gastrointestinal peristalsis, inhibited the inflammatory response, protected
the intestinal barrier, upregulated the production of beneficial intestinal bacteria, and downregulated
the production of harmful intestinal bacteria. These therapeutic effects are attributed to reversed gut
microbiota dysfunction, which favors the production of intestinal metabolites such as SCFAs. The
purgative function of highland barley vinegar may improve the intestinal environment by regulating
the balance of intestinal flora and the concentration of SCFAs. In addition, LC-MS metabolomics was
used to analyze the effect of barley vinegar on intestinal metabolites in mice with constipation. The
results show that the treatment of barley vinegar inhibited the decrease in aspartate, L-threonine, L-
serine, L-proline, 3,4-dihydroxymandelic acid, epinephrine, glyceric acid, and 3,4-dihydroxymandelic
acid content in intestinal metabolites caused by constipation. 4-2 hydroxy benzene acetic acid and
fumaric acid content increased. KEGG pathway analysis showed that digestive system, amino acid
and lipid metabolism pathways were important pathways for highland barley vinegar relieving
constipation. This study proves that highland barley vinegar mainly regulates lipid metabolism, the
digestive system and amino acid metabolism to maintain a steady state, prevent intestinal injury, and
improve constipation. In short, this study demonstrates that highland barley vinegar can alleviate
constipation in mice and repair colitis damage.
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1. Introduction

The prevalence of constipation worldwide is approximately 3 to 21 percent, and
it is one of the most common gastrointestinal disorders clinically [1]. Constipation can
cause cardiovascular disease, colon cancer, inflammation, and Alzheimer’s disease [2],
and the occurrence and development of a variety of diseases are often accompanied by
constipation [3,4]. With the improvement of people’s health awareness, the use of effective
and safe dietary interventions to prevent and treat constipation is an important long-term
issue. The occurrence of constipation is thought to be related to various factors, and
emerging evidence suggests that dysbiosis of the gut microbiota is another risk factor for
the development of constipation [5].

Fermentation 2023, 9, 962. https:/ /doi.org/10.3390/fermentation9110962

https://www.mdpi.com/journal /fermentation


https://doi.org/10.3390/fermentation9110962
https://doi.org/10.3390/fermentation9110962
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0002-9935-0275
https://doi.org/10.3390/fermentation9110962
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation9110962?type=check_update&version=1

Fermentation 2023, 9, 962

2 of 21

The gut microbiome includes 100 trillion bacteria, of which more than 1000 species
belong to the gastrointestinal tract. The intestinal microbiome manipulates host metabolism,
immunity, digestion, and development [6,7]. In addition, clinical studies verified that the
gut microbiota is associated with constipation in patients [8]. Moreover, the diversity of gut
bacteria, such as Bacteroides, Coleella, Actinomycetes, and Prevotella [9], influences intesti-
nal peristalsis, colonic mucin secretion, or colonic transit time [9]. Short-chain fatty acids
(SCFAs) help to explain the connection between the gut microbiota and constipation. For
example, butyrate is a SCFA that can regulate intestinal peristalsis and enhance intestinal
barrier integrity by upregulating the expression of tight junction proteins or mucins [10].

Barley is rich in nutrients and contains the nutrients found in common wheat plants,
such as protein, starch, fat, and vitamins, as well as special ingredients, all of which are
closely related to human health. For example, dietary fiber has many physiological func-
tions, such as reducing cholesterol absorption, sugar absorption, and energy intake and
improving intestinal health by moisturizing the intestines, exerting a laxative function, and
alleviating constipation, endowing it with unique advantages [11]. Given its good hydra-
tion properties, dietary fiber absorbs water in the intestine, expands, increases the volume
of feces, stimulates intestinal peristalsis, and promotes bowel movement [12]. Moreover,
the fermentability of dietary fiber means it can be fermented by intestinal microorgan-
isms in the large intestine to produce SCFAs, thereby further regulating the release of
intestinal neurotransmitters and improving intestinal motility [13]. Barley vinegar is made
from barley as a raw material, and in the fermentation process, using the fermentation
technology combining liquid fermentation and solid fermentation after saccharification,
the brewing process can effectively retain the original dietary fiber and other beneficial
components in barley, providing unique health effects. Therefore, whether and how bar-
ley vinegar regulates intestinal flora dysfunction in the development of constipation are
noteworthy concerns.

In this study, mice with loperamide hydrochloride-induced constipation were used as
the research object, different doses of barley vinegar were added to the feed for the dietary
intervention, and the effects of different amounts on constipated mice were investigated. By
detecting the changes in the defecation experiment, the small intestinal motility experiment,
and the gastric emptying rate in each group of mice, the effect of barley vinegar on intestinal
pathology and the secretion of intestinal neurotransmitters was further analyzed, and the
effect of barley vinegar intervention on intestinal microbial structure composition and
SCFAs in constipated mice was comprehensively assessed.

2. Materials and Methods
2.1. Experimental Materials and Animals

Barley vinegar was obtained from Shanxi Zilin Vinegar Industry Co., Ltd. (Taiyuan,
China). The content of acetic acid in the barley vinegar was >3.50 g/100 mL, and the total
dietary fiber content was 21.50%. Male BALB/c mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China) (License number: SCXK
(Tianjin) 2010-2030).

2.2. Design of Animal Experiments

Sixty male BALB/c mice were placed in animal rooms in single cages with a 12:12 h
light-dark cycle, at a temperature of 20 °C and a relative humidity of 60% =+ 5%. After
1 week of adaptive rearing, the 60 mice were randomly divided into 2 groups of 30 for
defecation experiments and small bowel motility experiments. Each group was divided
into 5 subgroups (n = 6), including the blank group (ND); model group (Mod); and low
(LD, 0.5 mL/kg/day), medium (MD, 1.0 mL/kg/day), and high (HD, 2.0 mL/kg/day)
barley vinegar dose groups. The ND and Mod groups were given normal feed. Barley
vinegar was administered by gavage to the intervention groups.

After the animals were fed with the corresponding feed for 1 week, all mice groups
except for the ND group were gavaged with 10 mg/kg-BW loperamide hydrochloride,
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Gastric emptying rate (%) = {1 - (

0.2 mL/mice, 1 time/day, continuously for 7 days. After successful modeling, the body
weight and physiological state of the mice were recorded every 3 days.

All animal handling is carried out in accordance with the Guidelines for the Care
and Use of Laboratory Animals (Ministry of Science and Technology, Beijing, China, 2006).
The protocol was approved by the Animal Ethics Committee of Chinese Academy of
Agricultural Sciences (CAAS20210910).

2.3. Animal Sample Collection

On the last day of the experiment, blood samples were taken from the eyeballs, and
the resulting serum was obtained after centrifugation (4 °C, 13,000 g centrifugation for
10 min) and kept at —20 °C for biochemical detection. Colonic feces were collected in a
clean stage using sterilized EP tubes, stored in liquid nitrogen, and stored at —80 °C for
intestinal flora sequencing and SCFA and metabolomics determination.

For each group, three randomly selected colons dissected in defecation experiments
and weighing 0.1 g each were cleaned with 0.9% normal saline. Then, the colonic tissue
samples were divided and placed into sterilized centrifuge tubes containing 4% tissue
fixative solution for histopathological analysis.

2.4. Bowel Movements and Gastric Emptying Tests

Properochlorine hydrochloride administration of 0.2 mL/mouse was performed
for the defecation experimental group. After 30 min, gavage ink was administered at
0.1 mL/10 g-BW, with all mice in a single cage in a single aliquot, and we recorded the
time required for the first melena of each mouse to pass. The time and the total weight
(wet weight) and number of melena excreted within 6 h for each mouse and the time of the
occurrence of the first black stool of the mice were noted.

The entire stomach of the mice in the small bowel exercise experiment was cut, the
total weight of the stomach was ascertained, and the stomach was cut along the large curve.
The stomach contents were washed with 0.9% normal saline, the filter papers used were
sucked dry, and the net weight of the stomach was identified. The gastric emptying rate
was subsequently calculated according to the following formula.

Total stomach weight — Net stomach weight
: x 100%
Total stomach weight

2.5. Small Bowel Motility Experiments

The mice in the small intestinal motility group were administered with loperamide hy-
drochloride at 0.2 mL/mouse. After 30 min, 0.1 mL/10 g-BW gavage ink was administered,
and mice were sacrificed after 30 min. Following its complete removal, the small intestine
was straightened and measured from the pylorus to the leading edge of the ink (ink advance
length). The ink advance rate was calculated according to the following formula.

Ink advance length
I OO - 1 O0
nk advance rate (%) Total length of the small intestine x 100%

2.6. Histopathological Testing of the Colon

The mice colon was stained using the Alisine Blue-Periodic Acid-Shev Staining Kit
(AB-PAS) kit Goldclon (Beijing, China) Biotechnology Co., Ltd (Beijing, China). The colon
tissue was removed from the fixative solution and washed repeatedly with water for 30 min.
Subsequently, the colon tissue was dehydrated with ethanol, and the dehydrated sample
was encapsulated in paraffin. The tissue sections, each with a thickness of approximately
5 um, were then stained with alisin blue staining solution for 15 min, washed with ddH,O,
and then placed in a periodic acid solution and Schiff base for oxidation and staining. After
rinsing under running water, the sections were blue-returned to observe the morphology
of colonic tissue cells.
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2.7. Intestinal Neurotransmitter Assay

The levels of the neurotransmitter acetylcholine (Ach), motilin (MTL), substance P
(SP), vasoactive intestinal peptide (VIP), nitric oxide (NO), and serotonin (5-HT) from the
samples were determined according to the kit instructions at a wavelength of 450 nm.

2.8. Microbial Diversity Analysis

For this analysis, buffer and grinding beads were added to 0.5 g fecal samples, and the
mixture was ground in liquid nitrogen to form a homogenate. Then, the total DNA of the
samples was extracted with the kit. The concentration and purity of the resulting DNA was
measured with an ultra-micro ultraviolet spectrophotometer. The extracted DNA was then
PCR amplified, and the amplified fragment was its V3-V4 variable region. The specific
amplification procedure was as follows: first, the DNA was initially denatured for 3 min at
95 °C, followed by 27 cycles of denaturing at 95 °C for 30 s each, subsequent annealing at
55 °C for 30 s, followed by extension at 72 °C for 30 s. After the end of the 27 cycles, the
annealing was extended for 10 min at 72 °C.

The products amplified by PCR were recovered using a 2% agarose gel and further
purified using kits. Then, according to the operation requirements of the Illumina MiSeq
platform, a PE 2 x 300 library was constructed for the purified amplified fragments. The
construction of the library mainly included the following steps: (1) The amplified fragment
was mixed with the “Y”-shaped connector to join fragments. (2) The self-connecting frag-
ment of the joint was removed, and the adsorption of magnetic beads was used to remove
the self-connecting fragment of the joint. (3) The obtained library template fragments
were enriched, and PCR amplification was used to increase the template concentration.
(4) Finally, NaOH solution was added, and DNA was melted in the presence of NaOH to
form single-stranded DNA fragments. Illumina’s MiSeq PE300 platform (Illumina, San
Diego, CA, USA)was employed to sequence the constructed library.

2.9. Determination of Short-Chain Fatty Acid Content

The preparation of the mixed stock solution was as follows: 9920 uL of ethyl acetate
was placed into a 15 mL centrifuge tube to which 10 pL each of 8 SCFA standards was
added. The tube was centrifuged and the solution was mixed well to obtain 8 SCFAs mixed
stock solution A.

The preparation of the internal standard stock solution was as follows: 9990 uL of
ethyl acetate was placed into a 15 mL centrifuge tube to which 10 pL of internal standard
2-ethylbutyric acid was added. The tube was centrifuged and the solution was mixed well
to obtain the internal standard stock solution B.

The configured A and B solutions were diluted with ethyl acetate into different con-
centrations of working solutions and loaded into injection vials for GC-MS detection
and analysis.

The sample handling was performed as follows: a 100 mg fecal sample was placed in
a 2 mL grinding tube with grinding beads and 1 mL of water with 0.5% phosphoric acid
and 50 pg/mL 2-ethylbutyric acid. The sample was ground twice in a freezer mill at 50 Hz
for 3 min each, sonicated in an ice water bath for 30 min, placed at 4 °C for 30 min, and
centrifuged at 4 °C at 12,000 rpm for 15 min. Then, the supernatant was transferred to a
new centrifuge tube, and 500 uL of ethyl acetate was added to the supernatant, which was
extracted, sonicated in an ice water bath for 10 min, centrifuged at 12,000 rpm at 4 °C for
10 min, and the supernatant was obtained for GC-MS analysis.

The chromatographic and mass spectrometry conditions were as follows: column:
VE-MAXms quartz capillary column (30 m x 0.25 mm x 0.25 um); inlet temperature,
280 °C, El ion source temperature, 230 °C, quadruple rod temperature, 150 °C, high-purity
helium (purity greater than 99.999%) as the carrier gas, injection volume, 3 uL, undivided
injection; column flow, 1 mL/min, 20PSI constant pressure mode; heating procedure: the
initial temperature was maintained at 70 °C for 1 min, first heated to 200 °C at 10 °C/min,
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and then heated to 240 °C at 30 °C/min and maintained for 3 min; mass detection was
performed in fully automated scanning mode with a detection range of 30-150 (1/z).

2.10. UHLC-Q-TOF-MS Analysis

Serum metabolomics detection was performed by Shanghai Beauty, Biomedical Tech-
nology Co., Ltd. (Shanghai, China). Briefly, 100 uL of rat serum for each experimental
group was removed and stored at —80 °C in a 1.5 mL centrifuge tube containing 400 pL
of an extraction solution consisting of methanol and water (4:1, v/v); 0.02 mg/mL L-2-
chloroaniline was used as the internal standard to extract serum metabolites. The mixture
was precipitated at —10 °C and treated with a frozen tissue crusher Wonbio-96c¢ at 50 Hz for
6 min, followed by a cryosonicator (5 °C, 40 kHz) for 30 min. The supernatant was added
to the injection vial and tested using the machine. The prepared supernatant was added
to LC-MS/MS for analysis. Metabolites were measured using an ACQUITY UPLC HSS
T3 (100 mm x 2.1 mm inner diameter, 1.8 um; Waters, Milford, CT, USA) Thermo UHPLC
system consisting of a mass spectrum detection system, equipped with an electrospray
ionization (ESI) source from Thermo UHPLC—Q and a precision mass spectrometer to
collect cations or anions.

After collection, the raw data were filtered at baseline, calibrated, integrated and
peak detected using Progenesis QI 2.3 (Waters Corporation, Milford, CT, USA) software.
Finally, the data matrix of the retention time, mass-to-charge ratio and peak intensity was
obtained. The MS/MS identification of metabolites and public metabolism of the human
metabolome database (HMDB) (http://www.hmdb.ca/) (accessed on 12 December 2021)
and Metlin database system (https://metlin.scripps.edu/) (accessed on 15 December 2021)
was carried via comparative analysis. Detailed information (chemical structure and name)
of the metabolites was obtained. Partial least square discriminant analysis (PLS-DA) and
orthogonal partial least square discriminant analysis (OPLS-DA) were used to analyze
the global metabolite changes in each experimental group. The validity of all OPLS-DA
models was assessed based on R2X (total variation) and Q2 (representing the predictability
of the model) to avoid overfitting. The KEGG database (https:/ /www.kegg/jp) (accessed
on 12 December 2021) was used for the annotation of metabolic pathways, and the Python
software package (Version 3.8.5) and Fisher exact test were used for pathway enrichment
and biological pathway analysis.

2.11. Data Analysis and Processing
2.11.1. Pearson Correlation Analysis

Principal component analysis and partial least square discriminant analysis were used
to analyze the different species in the gut microbiota. The Wilcoxon rank-sum test was
used to statistically analyze the diversity of intestinal microbiota. The correlation between
gut microbiota and SCFAs was analyzed by means of Pearson correlation analysis [10].
Spearman correlation analysis was performed to analyze the correlation by using SPSS
Statistics (19.0). Correlation heat maps were drawn by using the Multiple Experiment
Viewer software (4.9.0).

2.11.2. Data Statistical Analysis

All experiments were repeated 6 times, and results were expressed as mean =+ standard
deviation. Multiple samples were compared using the SPSS 25 software (IBM). Differences
among groups were compared using one-way ANOVA followed by Tukey’s post hoc test
or Student’s ¢-test. Graphs were made with the GraphPad Prism 8 software. A p-value of
<0.05 indicates a statistically significant difference between groups.

3. Results
3.1. Changes in Mice Status and Body Weight

First, the state of the mice was observed. The ND group mice had flexible behavior,
good mental state, and smooth hair. By contrast, the Mod group mice were slow to
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move, messy and had poor mental states. The barley vinegar treatment group had flexible
behavior, smooth hair, and good physiological state. Subsequently, the weight change
of mice was monitored. As shown in Table 1, the weight of the ND group showed a
continuous increasing trend with time. Compared with the ND group, the weight of
the Mod group did not change significantly with time. Note that to a certain extent,
constipation led to growth retardation of mice, a feature which, in turn, affected weight
gain. Compared with the body weight of the Mod group, the weight of mice in the
barley vinegar treatment group increased, and the increasing trend was similar in the low-,
medium-, and high-dose groups.

Table 1. Weight changes in mice.

Group Day 0 Day 3 Day 6 Day 9 Day 12 Day 15
ND 27.89 +2.76 29.01 +1.51 29.51 +1.78 29.53 £ 1.16 30.36 +2.48 30.56 + 1.04
Mod 28.87 £2.80 28.53 £ 1.57 29.02 £2.35 2893 +1.24 28.64 £ 2.69 28.57 £1.14
HD 29.41 +2.76 29.72 £ 1.03 30.46 +2.74 30.53 +1.12 30.85 +1.24 31.41 +1.79
MD 29.32 +2.34 29.55 £ 2.69 2990 +1.11 30.21 £1.23 30.39 +1.31 30.57 £2.44
LD 28.77 £2.59 29.11+1.26 29.33 £1.56 29.67 £1.15 2991 £1.10 30.08 £1.21

Note: All data are expressed as mean + S.D. (1 = 6).

3.2. Changes in Defecation and Gastric Emptying in Mice

The fecal weight, grain number, and first black stool time of mice of the ND and defe-
cation experimental groups were compared, and the outcomes are shown in Figure 1A-C.
Compared with the ND group, the Mod group had significantly lower fecal grain number
and mouse weight (p < 0.01, p < 0.001), thereby proving that the mouse constipation model
was successful. Compared with the Mod group, the HD and MD groups had significantly
increased (p < 0.05, p < 0.01, p < 0.001) fecal weight and fecal particle number. The fecal
weight and particle number of the LD group increased, but no significant difference was
observed. A significant (p < 0.05) or very significant difference (p < 0.01) occurred in the
first black stool time of the Mod group, indicating that barley vinegar had a positive gain
effect on the defecation function of mice.

A 100 B 16

80 -

60

40 -

Feeal amouts
Fecal welght/(g)

20 -

o
ND Mod HD MD LD

5

T *
*
"
% 100
g ol
0 0
T MD D

26
ND Mod up MD LD ND Mod

Gastric emptying rate(%)
I'he first black stool time/(min)

Figure 1. Effects on physiological parameters on constipated mice. The number of defecations (A),
weight of feces (B), gastric emptying rate (C), and time of first black stool excretion (D) in mice.
Note: All data are expressed as mean + S.D. (n = 6), ## p < 0.01, and ## p < 0.001. The ND group
outperforms the Mod group. * p < 0.05, ** p < 0.01, *** p < 0.001, compared with Mod group.

The gastric emptying rate (Figure 1C) for the Mod group was significantly reduced
compared to the ND group (p < 0.01). Compared with the Mod group, the barley vinegar
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groups had varying degrees of improved gastric emptying rates, for which the HD group
increased significantly (p < 0.01), the MD group increased significantly (p < 0.05), and the
LD group increased, but not significantly (p > 0.05).

3.3. Ameliorating Effect on Intestinal Barrier Damage in Mice

In this part, the pathological changes of the colon of mice after different doses of barley
vinegar were studied. The HE staining results (Figure 2) indicate that the cell structure of
mice in the ND group was clear, and no damage to the goblet cells and crypts was observed.
The epithelial cells, goblet cells, and crypts of mice in the Mod group displayed obvious
damage, incomplete villi structure, significantly shorter muscle thickness, smaller crypt
cells, and obvious inflammatory cell infiltration relative to the outcomes with the ND group.
After barley vinegar intervention, the damage in the colonic epithelial cells, goblet cells,
and crypts in mice showed different degrees of recovery, and the number of inflammatory
cells decreased.

Figure 2. Effect of barley vinegar on intestinal barrier damage in constipated mice (magnification, 40x).

3.4. Effects on Small Bowel Motility in Mice

In this part, the ink propulsion length of mice in the small intestinal motility experimen-
tal group was determined. The ink propulsion rates are shown in Table 2. Compared with
the ND group, the Mod group had significantly reduced ink propulsion length and propul-
sion rate (p < 0.01, p < 0.001)—the average propulsion length was reduced by 26.38 cm, and
the average propulsion rate was reduced by 57.74%. Compared with the Mod group, the
barley vinegar groups had increased ink propulsion lengths and ink propulsion rates, with
the HD group showing significantly increased ink propulsion length and ink propulsion
rate (p < 0.01, p < 0.001).

Table 2. Effects of barley vinegar on the small intestinal ink propulsion rate of constipated mice.

Group Total Length of the Small Intestine (cm)  Ink Propulsion Length (cm) Ink Propulsion Rate (%)
ND 47.06 £ 3.50 42.33 £+ 4.53 89.79 £2.94
Mod 49.17 £ 3.94 15.98 £ 4.12 ## 32.15 + 5.08 #i##
HD 49.00 £ 3.26 41.20 & 4.08 ** 83.99 £ 3.94 ***
MD 47.42 +£2.84 27.26 £4.94* 57.26 £7.76 **
LD 49.18 £1.92 25.87 £ 6.55 52.42 +12.09

Note: All data are expressed as mean + S.D. (n = 6), ## p < 0.01, ### p < 0.001. The ND group outperforms the
Mod group * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the Mod group.

3.5. Effects on Intestinal Neurotransmitters in Mice

The levels of MTL, AChE, SP, 5-HT, VIP, and NO in serum were determined in this
section. As shown in Figure 3, the serum levels of MTL, AChE, SP, and 5-HT in mice with
loperamide-induced Mod constipation were significantly lower than those for the ND
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group (p < 0.05, p < 0.01), but the levels of VIP and NO were significantly higher than in the
ND group (p < 0.05). Thus, after barley vinegar intervention, the levels of MTL, AChE, SP,
and 5-HT in the HD group were significantly higher than those for the Mod group (p < 0.05,
p < 0.01), and the levels of VIP and NO in the HD group were significantly lower than those
in the Mod group (p < 0.05, p < 0.01).

A 300 B 800

@
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3
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SP/(umo/L)

»
38
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C 500 D o

VIP/(nmo/L)

ND Mod HD MD LD ND Mod HD MD LD

=
-y

30

MTL(ng/L)
NO(umol/L)

ND Mod HD MD LD ND Mod HD MD LD

Figure 3. Effects of barley vinegar on the neurotransmitters of constipated mice, AChE (A), SP (B),
VIP (C), 5-HT (D), MTL (E), NO (F). Note: All data are expressed as mean £ S.D. (n = 3), # p <0.05,
## p < 0.01. The ND group outperforms the Mod group. * p < 0.05, ** p < 0.01, compared with the
Mod group.

3.6. Effects on the Diversity of Intestinal Flora in Mice

The operational taxonomic unit (OTU) refers to the similarity sequence in 97% of the
species taxa. The OTUs in the ND, Mod, and HD groups were analyzed using 16 sSRNA
sequencing technology, as shown in Figure 4A. The intestinal flora OTUs of the ND group
reached 218 with a specific population of 80, those of the Mod group reached 153 with a
specific population of 31, and those of the HD group reached 198 with a specific population
of 52. Constipation led to a decrease in OTUs and population specificity, but after barley
vinegar intervention, the OTUs and population specificity increased.

In this study, principal component analysis (PCA) was further conducted on stool
samples at the OTU level, as shown in Figure 4B. The distance between the ND and the Mod
groups in the PCA coordinate map was extensive and showed no cross-overlap, indicating
that obvious species differences occurred between these groups and that constipation led
to changes in the intestinal flora.

The a-diversity of gut microbes in mice is shown in Figure 4C-F. The Ace, Chao,
and Shannon indexes in the Mod group decreased significantly compared with the ND
group (p < 0.01). Compared with the Mod group, the HD group had Ace, Chao, and
Shannon indexes that were significantly increased after the intervention with barley vinegar
(p <0.01, p <0.05, p < 0.01). Moreover, constipation led to a decrease in the richness and
uniformity of intestinal flora, whereas the intervention of barley vinegar significantly
increased these features.
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Figure 4. Effects of barley vinegar on intestinal microbiota diversity in constipated mice. OTU Venn
diagram (A), intestinal flora 3 —diversity (B), intestinal flora x—diversity ((C): Chao index, (D): Ace
index, (E): Simpson index, (F): Shannon index). Note: All data are expressed as mean + S.D. (n = 6),
#p <0.05, ## p < 0.01. The ND group outperforms the Mod group. * p < 0.05, ** p < 0.01, compared
with the Mod group.

3.7. Changes in the Abundance of Intestinal Flora in Mice

To study the effect of the barley vinegar dietary intervention on the structure of
intestinal flora in constipated mice, metastatistics were used to analyze the taxonomic
structure of each group of samples to indicate the relative abundance of microorganisms at
the phylum level (Figure 5A,B). A total of five phyla were detected, with Firmicutes and
Bacteroidota dominating. After the barley vinegar intervention, the relative abundance
of Firmicutes was significantly lower and that of Bacteroides was significantly increased
compared with the Mod group.

The effect of the barley vinegar intervention on the intestinal microbial structure
of constipated mice was further analyzed. The result indicate the prevalence of Lacto-
bacillus, norank_f_Muribaculaceae, Bacteroides, unclassified_f_Lachnospiraceae, Rikenella, Lach-
nospiraceae_NK4A136_group, Enterococcus, Blautia, Akkermansia, and norank_f_Ruminococcaceae.
Among these, Lactobacillus and norank_f_Muribaculaceae were the dominant genera and
Lactobacillus accounted for the largest proportion of each group (Figure 5C,D). Lactobacillus
belongs to the phylum Firmicutes and is a genus of beneficial intestinal bacteria, including
Lactobacillus delbrueckii, Lactobacillus reuteri, Lactobacillus enterobacteria, and other species.
Compared with the ND group, the Mod group had significantly reduced abundance of
Lactobacillus. The Lactobacillus level also significantly increased after barley vinegar inter-
vention compared with the Mod group.

3.8. Effects on Species Differences in Mice Gut Microbiota

To further determine the effect of the barley vinegar intervention at the phylum and
genus levels of intestinal flora in constipated mice, the Wilcoxon rank sum test was used
to statistically analyze species differences at the phylum and genus levels of intestinal
flora. Differential species analysis of the gut microbiota at the phylum level (Figure 6A)
revealed significant differences (p < 0.05) between the ND, Mod, and HD groups, namely
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for Firmicutes and Bacteroidota. Further analysis of the significance between the groups
(Figure 6B,C) indicate that the abundance of Firmicutes in the Mod group increased signifi-
cantly compared with that of the ND group (p < 0.001), and the abundance of Firmicutes
after barley vinegar intervention decreased significantly (p < 0.001). Compared with the ND
group, the Mod group showed significantly reduced abundance of Bacteroidota (p < 0.001),
and after the barley vinegar intervention, the abundance of Bacteroidota was significantly
increased compared with the Mod group (p < 0.01).
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Figure 5. Effects of barley vinegar on intestinal microbiota abundance in constipated mice. Histogram
of species distribution of the gut microbe at the phylum level (A). Circos diagram of the relationship
between samples and gut microbe at the phylum level (B). Histogram of species distribution of the
gut microbe at the genus level (C). Circos diagram of the relationship between samples and gut
microbe at the genus level (D).

The ratio of Firmicutes to Bacteroidota abundance (F/B ratio) is an important indicator
of intestinal flora. Herein, the F/B ratio in the Mod group was significantly increased
compared to that in the ND group (p < 0.001), and the F/B ratio (p < 0.001) was significantly
reduced in the HD group compared to the Mod group.

The genus-level differences in intestinal flora between groups were studied and ana-
lyzed. The results show that a total of six microorganisms significantly differed at the genus
level (p < 0.05) between the three groups, and the four most abundant microorganisms
were Lactobacillus, norank_f_Muribaculaceae, Bacteroides and unclassified_f__Lachnospiraceae
(Figure 7A). Further analysis of the significance between the groups of the main strains
showed that the abundance of Lactobacillus and norank_f_Muribaculaceae species in the
Mod group was significantly reduced compared to that of the ND group, but HD inter-
vention significantly increased the abundance of Lactobacillus and norank_f_Muribaculaceae
species (p < 0.01, p < 0.05). In addition, the HD group had significantly increased abun-
dance of the Rikenella and Lachnospiraceae_ NK4A136_group genera (p < 0.05) compared with
the Mod group.
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Figure 7. Species analysis of intestinal flora at the genus level between the Mod and HD groups
(A). The Wilcoxon rank sum test was used for statistical analysis (n = 6), * p < 0.05, ** p < 0.01.
Analysis of key bacteria at the genus level (B). Note: All data are expressed as mean £ S.D. (1 = 6),
## p <0.01,. The ND group outperforms the Mod group * p < 0.05, ** p < 0.01, *** p < 0.001, compared
with Mod group.

3.9. Fecal Short-Chain Fatty Acid Changes in Mice

SCFAs constitute a bridge to study the connection between intestinal microecology and
constipation. After barley vinegar intervention, the SCFA metabolites following colonic
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fermentation are shown in Figure 8A,B. The acetic acid content in each group was the
highest among all SCFAs, followed by butyric acid and propionic acid. The acetic, butyric,
and propionic acid levels in the Mod group were significantly reduced compared with
those of the ND group (p < 0.01, p < 0.001, p < 0.001), and the acetic, butyric, and propionic
acid levels in the barley vinegar group were significantly increased compared with those of
the Mod group (p < 0.05, p <0.01, p < 0.01). In addition, barley vinegar intervention also
had significant effects on the isobutyric, valeric, and isovaleric acid levels (p < 0.05).
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Figure 8. Effects of fecal short—chain fatty acids (SCFAs) in constipated mice. SCFA content in
feces (A,B). Statistical Pearson’s correlation of intestinal microbial and SCFAs (C), for which blue
indicates a negative correlation and red indicates a positive correlation. Note: All data are expressed
as mean + S.D. (n = 6), # p < 0.05, ## p < 0.01, ##H p < 0.001. The ND group outperforms the Mod
group * p < 0.05, ** p < 0.01, compared with the Mod group.

A certain correlation occurred between intestinal microbes and four SCFAs (Figure 8).
At the phylum level, Firmicutes was significantly negatively correlated with butyric acid
(p < 0.05), Bacteroidota was significantly positively correlated with acetic, propionic, isobu-
tyric, and butyric acids (p < 0.05), the Actinobacteriota phylum was significantly positively
correlated with propionic, isobutyric, and butyric acids (p < 0.05), and the Patescibacteria
phylum was significantly negatively correlated with acetic, propionic, isobutyric, and
butyric acid (p < 0.05).

3.10. Effects on Intestinal Metabolic Profile in Mice
3.10.1. Principal Component Analysis and Statistical Analysis of Differences
between Groups

Comparing the number of common or unique metabolites in the serum samples
between the metabolic sets showed that the number of metabolites in the ND vs. Mod
metabolic set was 42, the number of metabolites in the ND vs. Mod metabolic set was
121, the number of metabolites in the unique metabolite set was 79, and the number of
metabolites in the MOD vs. HD metabolic set was 94. The number of unique metabolites
was 52, and Figure 9A shows that the serum metabolism of the experimental group was
significantly affected by highland barley vinegar.

PLS-DA analysis was used to show the sample separation effect. The ND group was
significantly separated from all groups in the direction of the first component, and the
serum metabolite profile of mice was different from that of rats in the ND group (Figure 9B),
indicating that constipation significantly affected the metabolism of rats. However, after the
highland barley vinegar intervention, the HD group showed a strong separation pattern
from the Mod group in each mode, indicating that the highland barley vinegar intervention
significantly affected the overall metabolism of the constipated mice (Figure 9C).
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Figure 9. Principal component analysis as well as statistical analysis of differences between groups.
Metabolite Venn plot of the difference between the control groups (A). The PLS—DA score plot in
positive and negative states (B). Permutation test of 3 comparison groups (C). Volcanic map (D) and
statistical map of differential metabolite change (E) of each comparison group.
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For the standard screening of different metabolites, the p-value was <0.05 and the
llog2 FC| was >1.5. The volcanic figure shows the metabolite differences for ND vs. Mod
and Mod vs. HD, and comparing the two groups, the differences in metabolites were
analyzed, and in constipated mice 78 differential metabolites were down-regulated and
43 differential metabolites were up-regulated (Figure 9D,E).

3.10.2. Functional Pathway Statistics and Potential Metabolic Pathway Analysis

KEGG compound classification was performed on the biological function levels of
differential metabolites, and it was found that there were eight phospholipid compounds,
two amino acid compounds, two vitamin and cofactor compounds, two 24-carbon atom
compounds, and one organic acid compound. After the intervention of barley vinegar in
constipated mice, four phospholipid compounds and two amino acid compounds were
regulated (Figure 10A).

According to the classification statistics of differential metabolites, the functional
pathway statistical analysis of differential metabolites was further performed. The path-
ways affected by highland barley vinegar intervention were mainly involved in lipid
metabolism (class 9 compounds), amino acid metabolism (class 2 compounds) and di-
gestive system (class 3 compounds), cancer: overview (class 6 compounds), cofactor and
vitamin metabolism (class 2 compounds), and carbohydrate metabolism (class 1 com-
pounds) (Figure 10B).

As shown in Figure 10C, the TOP 20 KEGG pathwayll enrichment map with p < 0.05
is shown. According to the figure, in addition to lipid metabolism-, amino acid metabolism-
and digestive system-related pathways, the metabolism of porphyrin and chlorophyll, pen-
tose and glucuronate interconversion, pyrimidine metabolism, D-arginine and D-ornithine
metabolism are also regulated by barley vinegar.
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Figure 10. Functional pathway statistics as well as analysis of potential metabolic pathways. Classi-
fication and statistics of different metabolites in each comparison group (A). Statistical diagram of
functional pathways in each comparison group (B). Bubble diagram of metabolic pathway enrich-
ment in each comparison group (C). Hierarchical clustering heatmap of different metabolites in lipid
metabolism —related pathways in each group (D). Note: All data are expressed as mean £ S.D.
(n = 6). The ND group outperforms the Mod group * p < 0.05, ** p < 0.01, compared with
the Mod group.

4. Discussion

Previous studies have shown that model mice with activated charcoal-induced consti-
pation experienced sustained weight loss, and normal group mice continued to gain weight;
compared with the constipation model group, the weight of mice in the low-, medium- and
high-dose groups of barley vinegar showed an upward trend, while the weight gain of
barley vinegar groups was not significantly correlated with the dose [14]. The results of this
investigation are consistent with the body weight changes in mice reported in the literature.
In the current study, barley vinegar was shown to alleviate the poor physiological state
and weight gain caused by constipation in constipation model mice, thereby improving the
growth and development of constipated mice.

Decreased bowel volume is one of the most important features of constipation and its
most intuitive manifestation [15]. Dietary fiber has been reported to regulate gastrointestinal
transit time, increasing fecal weight and fecal grain count in constipated mice [16]. In this
study, the fecal weight and fecal grain number of high and medium barley vinegar dose
groups increased significantly, and the outcomes were consistent with those in the above
literature. The experimental results showed that the medium and high barley vinegar doses
could significantly improve the decrease in stool volume caused by constipation in mice.

Constipation causes a decrease in gastric peristalsis, and the gastric emptying rate
reflects the gastric peristalsis of mice. Zhang et al. [17] found that konjac glucomannan can
significantly improve the gastric emptying rate of constipated mice induced by loperamide
hydrochloride capsules. The experiment conducted in this work revealed consistent results
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with the above literature. That is, both konjac glucomannan and barley vinegar significantly
increased the gastric emptying rate. The experimental results showed that barley vinegar
could improve the gastric emptying rate and enhance gastrointestinal peristalsis with a
dose-dependent improvement effect.

Constipation causes damage to colonic histiocytes and structural disruption, leading
to decreased colonic peristalsis [18]. Li et al. [19] studied the laxative effect of moringa
leaf on constipated mice and found that the muscle and mucosal thicknesses of the consti-
pation model mice were significantly thinner than those of the normal group; moreover,
the muscle thickness and mucosal thickness of the moringa leaf treatment group were
significantly restored. Yin et al. [20] explored the intestinal transport experiments of mice
with naringenin intervention for constipation and confirmed that constipated mice showed
colonic epithelial cell loss, crypt cell damage, and goblet cell reduction. The damage degree
of epithelial cells, crypt cells, and goblet cells in the naringenin intervention group was
also lower than that in the constipation model group [20]. The experimental results in the
present work indicate that the histopathological changes after the barley vinegar interven-
tion are consistent with the literature results. The treatment effect of the high-dose barley
vinegar group was particularly obvious, indicating that barley vinegar can repair colon
tissue damage caused by constipation, thereby alleviating constipation.

Constipation leads to a decrease in the peristalsis of the small intestine in mice, and
the rate of ink advancement is an important indicator to measure constipation in such
subjects [21]. On the one hand, dietary fiber can physically stimulate the inner wall of
the gastrointestinal tract and increase the peristalsis ability of the small intestine; on the
other hand, dietary fiber has a strong ability to bind water, such that when the digested
chyme forms feces, the moisture content increases, the feces soften, and a laxative effect is
observed [22,23]. Su et al. [24] studied the improvement of lotus seed oligosaccharides in
loperamide-induced constipation of hydrochloride and found that these oligosaccharides
and resistant starch mixtures significantly increased the ink advancement rate of the small
intestine of mice at low, medium, and high doses (p < 0.05). In this study, medium and high
doses of barley vinegar significantly improved the small intestine ink promotion rate of
constipated mice, an outcome which was consistent with the results in the above literature.
Thus, barley vinegar could increase the ink advance rate of mice and improve the peristalsis
of small intestines.

Gastrointestinal regulatory peptides and neurotransmitters are mainly divided into ex-
citatory and inhibitory functional substances, among which MTL, ACh e, SP, and 5-HT are
excitatory neurotransmitters and VIP and NO are inhibitory neurotransmitters [25], both of
which mainly act on the smooth muscle system of the gastrointestinal tract, thereby con-
tracting and expanding the intestinal tube, regulating the peristalsis of the gastrointestinal
tract, and promoting gastrointestinal motility [26]. MTL is one of the main gastrointestinal
hormones that stimulate pepsin production and promote gastrointestinal motility [27]. P
substance (SP), the first brain-intestinal peptide discovered, can directly act on intestinal
smooth muscle, promote the secretion of intestinal water and electrolytes, and stimulate
contractile peristalsis [28]. Domestic and foreign scholars have argued that a decrease
in SP content may lead to constipation [28]. The VIP mainly innervates the descending
reflex of the colon and can bind to VIPR1 to promote periodic peristalsis of the colon. ACh
E promotes muscle contraction and mucus secretion, leading to muscle relaxation and
excretion [29]. NO causes the contraction of smooth muscle via the stimulation of the
CAMP pathway and has an inhibitory effect on gastrointestinal peristalsis [30]. Further,
an abnormal 5-HT signaling system can lead to abnormal motility and secretory function
of the gastrointestinal tract and hypersensitivity of internal organs, and these functional
changes are closely related to gastrointestinal diseases such as chronic constipation, irritable
bowel syndrome, diarrhea, and functional dyspepsia [31]. The results of this study are
consistent with the improved effect of intestinal neurotransmitters on constipated mice
reported in the literature. The serum gastrointestinal motility-related indicators in this
work also revealed that barley vinegar regulated the levels of gastrointestinal regulatory
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peptides and neurotransmitters related to gastrointestinal motility in the serum. Thus,
barley vinegar administration is conducive to the relief of constipation symptoms.

Firmicutes and Bacteroides are the two most abundant microorganisms in constipation
models [32]. Li et al. [33] found that the relative abundance of Firmicutes in constipated
rats accounted for 86.7%. Xu et al. [34] investigated the role of intestinal microbiota in
improving intestinal dyskinesia, and found that compared with the non-constipated group,
the constipated counterpart had significantly decreased relative abundance of Bacteroides,
but the relative abundance of Firmicutes increased significantly. The change trends of
Firmicutes and Bacteroides in this experiment are consistent with the above literature. In
summary, constipation in this study led to an increase in the abundance of Firmicutes and a
decrease in the abundance of Bacteroidota; barley vinegar intervention subsequently caused
a decrease in the abundance of Firmicutes and an increase in the abundance of Bacteroidota.
Liu et al. [35] found that after quercetin treatment of constipated rats, the number of Lacto-
bacilli in the rat intestinal flora increased significantly. Yao et al. [36] confirmed that wisteria
phenol intervention increased the abundance of Lactobacillus and Muribaculaceae in mice
with loperamide-induced constipation (p < 0.05). The results of this study are consistent
with the above literature, and indicate that the increase in the abundance of Lactobacillus
can improve the intestinal microecological environment and relieve constipation to a cer-
tain extent. In summary, constipation led to a decrease in the abundance of Lactobacillus
and norank_f_Muribaculaceae species in this work, and barley vinegar intervention signifi-
cantly increased the relative abundance of the intestinal microorganisms Lactobacillus and
norank_f_Muribaculaceae, thereby having a laxative effect.

SCFAs are considered important metabolites of the connection of constipation with the
gut microbiome, and they play an important role in alleviating constipation by stimulating
intestinal wall peristalsis, increasing intestinal osmotic pressure, and promoting water
absorption [37]. SCFAs can affect a variety of physiological processes in the body, including
providing energy to colonic epithelial cells, maintaining fluid and electrolyte balance, and
regulating intestinal flora [38]. As important anions in the colon, SCFAs enhance intestinal
osmotic pressure, augment sodium and water absorption, increase intestinal blood flow,
promote the proliferation of colonic epithelial cells and the growth of mucosa, and stimulate
intestinal motility [39]. Constipation leads to reduced levels of SCFAs, thereby inhibiting
bowel movements [40,41]. In this experiment, the SCFA level in the Mod group was lower
than that in the ND group, and the SCFA content in the barley vinegar group was higher
than that in the Mod group, an outcome which is consistent with the above literature. This
work confirms that barley vinegar could increase the content of SCFAs, thereby improving
intestinal function.

Lactobacillus is the dominant bacterium for improving constipation [42-44]. Sev-
eral studies have reported increased abundance of Firmicutes, a short-chain fatty acid-
producing bacterium [45-47]. Chu et al. [45] found that Firmicutes was inversely correlated
with the levels of several fecal SCFAs (p < 0.05). Dietary fiber treats chronic constipation by
inhibiting colon fermentation and affecting the composition of short-chain fatty acids and
intestinal flora [48]. Therefore, we speculate that barley vinegar may relieve constipation
by upregulating the abundance of beneficial intestinal microorganisms such as SCFA-
producing bacteria (Bacteroidota and Lactobacillus) and down-regulating the abundance of
harmful microorganisms (Firmicutes).

Highland barley vinegar mainly regulates the metabolism of phospholipids and amino
acids in constipated mice, which is consistent with the purpose of this study. The main
metabolic pathways associated with constipation include those related to lipid metabolism,
amino acid metabolism, the digestive system, cancer: overview, the metabolism of cofactors
and vitamins, and carbohydrate metabolism. Among them, after the intervention with
highland barley vinegar, constipation was improved by affecting the secondary metabolic
pathways such as lipid metabolism, amino acid metabolism, and digestive system. Stud-
ies [49-52] have found that there are significant differences in the composition of intestinal
mucosa and fecal microbiota between patients with constipation and healthy controls. In
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addition, Nicholson et al. [53,54] proposed that human metabolism is caused by the inter-
action of one’s own genes and symbiotic microbial genes, and intestinal flora participates
in human physiological metabolism through enterohepatic circulation, which affects the
pathogenesis and progression of metabolic diseases. The results of this study are consistent
with those reported in the literature.

The results of data analysis based on potential pathways showed that arachidonic
acid metabolism, glycerophospholipid metabolism, sphingolipid metabolism, and linoleic
acid metabolism in lipid metabolism pathways, mineral absorption, protein digestion and
absorption in the digestive system, and bile secretion, phenylalanine, tyrosine and trypto-
phan biosynthesis, phenylalanine metabolism, arginine and proline metabolism in amino
acid metabolism pathways are potential targeted metabolic pathways of highland barley
vinegar to improve constipation in mice. In order to clarify the effect of highland barley
vinegar on metabolites in constipation mice, hierarchical cluster analysis was performed
on the expression of related differential metabolites in serum metabolic pathways. The
figure visually shows the changes of differential metabolites in each experimental group.
Figure 10D shows that the differential metabolites involved in the above metabolic path-
ways include L-phenylalanine, sphinganine-phosphate, L-proline, 6-Keto-prostaglandin
Fla, 5-Oxo0-ETE, LysoPC (22:0), LysoPC (24:0), LysoPC (24:1 (15Z)), 2-phenylethanol glu-
curonide, LysoPC (20:0), 12-oxo-LTB4, and 9-OxoODE. Highland barley vinegar interven-
tion significantly changed the contents of the above differential metabolites. Liu D et al. [36]
found that 27 and 22 metabolites related to constipation were screened out in urine and
feces, respectively, and these metabolites may affect the metabolism of energy, butyric acid,
choline and amino acids. Liu J. et al. [43] explored the constipation model rats induced by
loperamide and found that the levels of metabolites such as acetic acid, alanine, glucose,
glutamate, glutamine, glycerol, glycine, lactic acid, succinic acid and taurine in the serum
of constipated rats were significantly reduced. According to research reports, proline is a
protective substance for the inner membrane and enzymes of the body and a free radical
scavenger, which can increase the content of the body in some adverse environments to
better protect the body. In this experiment, it may be due to the stimulation of the body
in the constipation model. The results of this study show that serum metabolites such as
L-phenylalanine, sphinganine-phosphate, L-proline, 6-Keto-prostaglandin Fla, 5-Oxo-ETE,
LysoPC (22:0), LysoPC (24:0), LysoPC (24:1 (15Z)), 2-phenylethanol, glucuronide, LysoPC
(20:0), 12-0x0-LTB4 and 9-Ox0oODE are related to the occurrence of constipation. These
metabolites may affect the metabolism of energy, lipids, proteins and amino acids in the
body. The results of this trial are consistent with the findings reported in the literature.

The above results indicate that the metabolism of arachidonic acid, glycerophospho-
lipid, sphingolipid and linoleic acid in lipid metabolism pathway of mice with constipation,
mineral absorption, protein digestion and absorption, bile secretion in the digestive sys-
tem, and phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism,
arginine and proline metabolism in amino acid metabolism pathways are related. High-
land barley vinegar intervention can significantly prevent abnormal changes to potential
markers, indicating that improving lipid metabolism pathways, digestive system related
metabolic pathways and amino acid metabolism pathways is a potential mechanism to
improve constipation in mice.

5. Conclusions

In this study, the barley vinegar was confirmed to have a good laxative effect in vivo,
participating in the regulation of intestinal function by regulating the production of enteric
neurotransmitters and maintaining the homeostasis of intestinal environment, and we
analyzed the mechanism of highland barley vinegar in improving constipation. This study
found that highland barley vinegar can effectively regulate the key intestinal bacteria,
among which the increase in the abundance of SCFA-producing bacteria further promotes
the production of acetic acid and lactic acid, which effectively strengthens the intestinal
function, proving that highland barley vinegar promotes the stability of the intestinal envi-
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ronment, maintains the benign cycle between the intestinal microecological environment
and metabolism, and achieves the effect of improving constipation. Based on the intesti-
nal function and intestinal metabolism of highland barley vinegar, the structure activity
relationship was clarified, and the mechanism of highland barley vinegar improving consti-
pation was systematically analyzed. This study found that highland barley vinegar has the
function of improving constipation, which provides a theoretical basis for the development
of functional foods or health foods with laxative functions such as dietary fiber beverages,
biscuits or nutrition bars, and has very broad application prospects.
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