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1. Introduction

Comparison of the laxative effects of Korean
Gochujang containing different microbiota on
loperamide-induced constipation in ICR micef
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The prevalence of constipation, one of the common gastrointestinal (Gl) diseases, has been gradually
increasing. Gochujang, a traditional Korean fermented paste, has various microbiota and exerts diverse
health beneficial effects. However, the ameliorative effect of Gochujang on constipation is unexplored.
Seven-week-old ICR mice were divided into five groups: the normal group, the loperamide (LOP) group,
the LOP + mosapride citrate (3 mg per kg BW, MOSA) treated group, the LOP + BMG Gochujang (2 g per
kg BW) group, and the LOP + VMG Gochujang (2 g per kg BW) group. Gochujang alleviated constipation
by increasing defecation frequency and water content in feces by reducing AQP3 mRNA expression.
Additionally, Gochujang increased Gl transit time and excitatory neurotransmitter levels and decreased
inhibitory neurotransmitter levels. Moreover, Gochujang reduced mitogen-activated protein kinase
(MAPK) activation and increased the c-Kit/SCF signaling pathway, suggesting that Gochujang regulates
the enteric nervous system (ENS). Interestingly, BMG and VMG differently influenced the gut microbiota
composition. Both Gochujang groups significantly decreased the Bacteroidetes and Firmicutes ratio com-
pared to the LOP group. However, among Firmicutes genera, Acetatifactor was only reduced in BMG, and
VMG only decreased Caproiciproducens and Acutalibacter. In summary, Gochujang effectively alleviated
LOP-induced constipation outcomes regardless of their different microbial communities by ameliorating
Gl motility and changing the gut microbiota composition.

drugs is associated with severe side effects such as myocardial
infarction, artery contraction, coronary spasms, and the devel-

Constipation is characterized by unsatisfactory or infrequent
defecation and is one of the common gastrointestinal (GI) dis-
eases affecting approximately 20% of the adult population.
The incidence of constipation causes inconveniences and pain
both physically and mentally to the patients. The general
medications for constipation include osmotic laxatives (e.g:,
lactulose and polyethylene glycol), stimulant laxatives (e.g:,
bisacodyl and senna), an ileal bile acid transport inhibitor
(e.g., elobixibat), and serotonergic agents (e.g., mosapride
citrate and prucalopride).> However, long-term intake of these
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opment of drug resistance.>* Hence, the significance of nutri-
tional and/or diet therapeutic approaches for constipation has
been emphasized to lessen the adverse effects of pharmaco-
logical agents.”

The gut microbiota is the community of microorganisms
that live in the GI tract of vertebrates and is significantly influ-
enced by diet. Recent studies have shown that the gut micro-
biota is strongly related to constipation.*” The community of
the gut microbiota in constipation patients differs from that in
healthy subjects;® for example, constipation patients have
lower levels of Bifidobacterium, Lactobacillus, and Bacteroides
compared to healthy individuals. Additionally, the gut micro-
biota plays significant roles in GI motility and the neuroendo-
crine system.” Germ-free rats restored normal levels of intesti-
nal transit time after intestinal colonization with Lactobacillus
and Bifidobacterium."® Moreover, the gut microbiota directly
and/or indirectly alters gut microbiota-derived metabolite pro-
duction and GI neuroendocrine factors.""">

The traditional Korean fermented foods, including
Cheonggukjang, Doenjang, and Gochujang, are made based on
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meju, a naturally fermented soybean functioning as a starter of
fermentation.”>'* Gochujang is a primary spicy sauce in
Korean cuisine and it is a mixture of meju and red pepper
powder.'® Recent studies have demonstrated that the intake of
fermented soybean foods alters the gut microbiota compo-
sition since its microorganisms act as probiotics and prebio-
tics.'® Indeed, Jeong et al. reported that the consumption of
Cheonggukjang increased the relative abundances of
Lactobacillales and Bifidobacteriales and decreased harmful
bacteria."®"” Interestingly, the meju microbiota is influenced
by various factors, including weather conditions, provinces,
and manufacturers, altering the microbiota composition of
Gochujang subsequently."*'®' Although the general microbial
composition of Gochujang and its health beneficial functions
have been studied well,'**°>* the dissimilar physiological
effects of Gochujang based on its distinct microbial commu-
nities have not been fully investigated. Therefore, the aims of
this study were: (1) to study the constipation ameliorative
effects of two different types of Gochujangs in aspects of their
microbial communities; (2) to investigate their underlying
molecular mechanisms, and (3) to measure the distinct effects
of two different types of Gochujangs on the gut microbiota
composition.

2. Materials and methods

2.1. NGS analysis

Bacterial analysis is conducted by next-generation sequencing
(NGS) analysis. Bacterial genomic DNA was extracted using a
Fast DNA Spin kit (MP Bio Laboratories, USA). The primer set
pairs 27F  (5'-CCTATCCCCTGTGTGCCTTGGCAGTC
(adapter) - TCAG (key)-AC linker-GAGTTTGATCMTGGC-
TCAG-3") and 518R (5-CCATCTCATCCC TGCGTGTCTCCGAC
(adapter)-TCAG  (key)-Barcode-AC  linker-WTTA  CCGCG-
GCTGCTGG-3'). A PCR was conducted on 16S rDNA genes. The
PCR cycle was performed as follows: 94 °C for 5 min, 94 °C for
30 s, 60 °C for 45 s, and 72 °C for 90 s x 10 cycles. 94 °C for 30
s, 55 °C for 45 s, and 72 °C for 90 s x 20 cycles.

Ez Taxon database PKSSU 4.0 was used as a database for
taxonomic analysis in NGS analysis. Also, Jensen-Shannon
was used as an algorithm for beta-diversity analysis. LEfSe
(linear discriminant analysis effect size) analysis was used for
the comparison of taxonomic biomarker discovery between
different Gochujang types.

were

2.2. The selection of Gochujang

The Microbial Institute for Fermentation Industry (Sunchang-
gun, Jeollabuk-do, Korea) collected 29 kinds of Gochujangs and
selected and provided two Gochujang types after screening
through NGS analysis and quality inspection (ESI Fig. S1, S2
and Table S1t). In general, Gochuyjang is made by mixing gluti-
nous rice powder, fermented soybean powder, salt, and water
with pepper powder as the main ingredient, then putting it in
an earthenware, sealing the lid, and fermenting it in a cool
place. During the manufacturing process, the ratio, tempera-
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ture, and humidity of the ingredients vary depending on the
region and the manufacturer.

2.3. Experimental protocols for animal studies

All animal-related protocols were endorsed by the Animal
Ethics Committee of Jeonbuk National University (CBNU 2020-
089). Seven-week-old ICR mice were purchased from DooYeol
Biotech (Seoul, Korea). Upon arrival, mice were housed in a
light-controlled room (12 h) at 23 + 2 °C with humidity regu-
lated at 55 + 5%. They were fed an AIN-93 laboratory diet and
allowed to drink water unrestrictedly. Following a one-week
adaptation period, mice were divided into five groups (n = 10):
the non-constipation group (ND group), the LOP + vehicle
treated group (LOP group), the LOP + mosapride citrate treated
group (MOSA group), the LOP + BMG Gochujang group (BMG
group), and the LOP + VMG Gochujang group (VMG group).
LOP-induced mild constipation groups such as LOP, MOSA,
BMG, and VMG groups were orally administered LOP (Sigma-
Aldrich, MO, USA) in 0.9% sodium chloride at 5 mg per kg
body weight (BW), twice a day for 14 days. The MOSA group
received oral administration of mosapride citrate solution
(3 mg per kg BW). BMG and VMG groups were also orally
administered the individual Gochujang solutions at 2 g per kg
BW. Distilled water was used for dissolving the samples and
each mouse was orally administered 200 pl of it for 14 days,
once a day. The ND and LOP groups received oral adminis-
tration of the same amount of distilled water. ICR mice were
sacrificed after 12 h of overnight fasting and tissue samples
were collected and stored at —72 °C until further assay.

2.4. Analysis of body weight, feed intake, and water
consumption

The body weight, water consumption volume, and the feed
intake of experimental mice were measured daily throughout
the experimental period. The water consumption and feed
intake were calculated for each cage. All measurements were
performed three times for accuracy.

2.5. Measurement of urine volume and feces parameters

All ICR mice were kept in metabolic cages to collect pure urine
and feces during the experimental period without contami-
nation on experimental days 0 and 10. The urine and feces
excreted from each cage were collected at 10:00 A.M. The urine
volume was measured using a cylinder. The feces weight of
one cage was weighed using an electric balance. Its water
content was calculated using the following formula:

Water content of feces(%)

_ Wetweight of feces — dry weight of the feces
- Wet weight of the feces x 100

The wet weight denotes the weight of natural feces collected
from ICR mice and the dry weight represents the weight after
drying at 70 °C for 24 h on the first and tenth days. All
measurements were executed three times per sample. For each
group, the change in day 10 compared to day 0 was calculated

This journal is © The Royal Society of Chemistry 2023
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and the statistically significant difference was compared
between groups.

2.6. Gastrointestinal transit

On the sacrifice day, gastrointestinal transit experiments were
performed after overnight fasting. 5% carbon powder was dis-
solved in distilled water. At 30 min before mice were sacrificed,
it was orally administered to the mice to measure the gastroin-
testinal transit, which was calculated as:

Charcoal transit ratio(%)

Distance of carbon powder transmission
= p : x 100
Total length of the small intestine

2.7. Histological analysis

Colon tissue was fixed in 10% formalin for 48 h and hematoxy-
lin and eosin (H&E) staining was performed at the Korean
Pathology Technical Center (KP&T, Cheongju-si, Korea). The
samples were analyzed by optical microscopy (DM2500, Leica,
Germany) at the Center for University-wide Research Facilities
(CURF) of Jeonbuk National University. The Image-] program
(US National Institutes of Health, Bethesda, MD, USA) was
used to measure the length of the muscle, mucosa layer, and
flat luminal surface thickness.

2.8. Enzyme-linked immunosorbent assay (ELISA) analysis

To measure acetylcholinesterase (AChE, Cat# ab138871,
Abcam, Cambridge, UK), motilin (MTL, Cat# KTE70927,
Abbkine, Inc., China), and gastrin (GAS, Cat# EIA-GAS,
RayBiotech, Norcross, GA, USA), experimental mouse colon
tissue was homogenized and analyzed via commercial ELISA
kits according to the manufacturer’s instructions. A microplate
reader (MRX II, Dynex Technologies, Chantilly, VA, USA) was
used to determine absorbance.

2.9. Quantitative real-time PCR (qRT-PCR) analysis

Real time-PCR (Applied Biosystems, Waltham, MA, USA) with
the SYBR Green qPCR Mix (Toyobo, Osaka, Japan) was used to
analyze the mRNA expressions of genes in colon tissue. The
QIAGEN RNAeasy mini kit (QIAGEN GmbH, Hilden, Germany)
was used to extract the total RNA. After determining the purity
of RNA, the Prime Script RT Master Mix (Takara, Kyoto, Japan)
was used to synthesize cDNA. Table 1 shows the primers used
in RT-PCR.

2.10. Western blotting analysis

Immunoblot analysis was executed to discover the relative
protein expression of MAPK and c-Kit/SCF signaling pathways
in the colon mucosa. Phosphor ERK1/2 (#9101), ERK1/2
(#9102), phosphor JNK (#9251), JNK (#9252), phosphor p38
(#9211), p38 (#9212), c-Kit (#3392), and SCF (#2273) were
obtained from Cell Signaling Technology (Beverly, MA, USA)
and p-actin (#sc-47778) was purchased from Santa Cruz
Biotechnology Inc. (Dallas, TX, USA). Colon tissue was put in
and homogenized in the lysis buffer. The supernatant was
measured for the protein concentration after the centrifu-
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Table 1 List of primers used for gRT-PCR

Gene Primers Sequence (5" — 3)
AQP3 Forward GCCAAGGTAGGATAGCAAATAA
Reverse TTGAAAACTTGGTCCCTTGC
BDNF Forward CAATCGCTTCATCTTAGGAGT
Reverse TAAACGGCACAAAACAATC
GDNF Forward GACGCTTGGTGGTTGATTCTG
Reverse GTTTCTGAGGGCACGAAGGAG
NOS Forward TCAGCGGTGATAGGATAAAGCA
Reverse CGCTGTGCTAAGTAGCCCTCG
TRPV1 Forward TCTCGTGGAGCCCTTGAACCG
Reverse CCGATAGTAAGCAGCCGTGGT
c-Kit Forward CCGACGCAACTTCCTTATGAT
Reverse TCAGGACCTTCAGTTCCGACA
SCF Forward ATAGTGGATGACCTCGTGTTA
Reverse GAATCTTTCTCGGGACCTAAT
mAChR M2 Forward GCGGATCCTGTGGCCAACCAAGAC
Reverse CGAATTCACGATTTTGCGGGCTA
mAChR M3 Forward AAGGCACGAAACGGTCATCT
Reverse GCAAACCTCTTAGCCAGCGT

AQP3, aquaporin 3; BDNF, brain-derived neurotrophic factor; GDNF,
glial cell line-derived neurotrophic factor; NOS, nitric oxide synthase;
TRPV1, transient receptor potential cation channel subfamily V
member 1; SCF, stem cell factor; mAChR M2, muscarinic acetylcholine
receptors M2; mAChR M3, muscarinic acetylcholine receptors M3.

gation. All the samples were matched to an equal protein con-
centration, mixed with 5% protein buffer, and heated to 95 °C.
Each sample was electrophoresed on SDS-polyacrylamide gels
and transferred to PVDF membranes (Merck, Massachusetts,
U.S.A.) followed by blotting with antibodies.

2.11. Statistical analysis

Statistical significance was evaluated using one-way ANOVA in
SPSS version 17.0 (SPSS Inc., Chicago, IL, USA), followed by
Tukey’s post hoc test. The data are presented as means * stan-
dard deviation (SD). *, p < 0.05, **, p < 0.01, and ***, p < 0.001
were considered as statistically significant.

3. Results

3.1. The different microorganisms in BMG and VMG

To compare microorganisms in two different types of
Gochujangs, NGS analyses were performed. The microorgan-
isms of BMG were organized into 9 orders. The most abundant
order level in the total microorganism community of BMG was
Bacillales (99.64%), followed by Lactobacillales (0.16%)
(Fig. 1A). In the case of VMG, it was classified into 17 orders,
and the representative orders of VMG included Oscillatoriales
(66.93%), Enterobacterales (13.53%), and Lactobacillales
(8.29%) (Fig. 1B). Table 2 shows the distributions of beneficial
and pernicious microorganisms in BMG and VMG. BMG
(92.79%) has a relatively higher number of beneficial microor-
ganisms than VMG (2.42%). Meanwhile, VMG (12.52%) dis-
plays a relatively higher number of harmful microorganisms
compared to BMG (0.06%). Then, we further scrutinized the
microorganisms in both BMG and VMG at the species level.
Bacillus subtilis (92.77%) was the most dominant bacteria in

Food Funct, 2023, 14, 7615-7630 | 7617
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Fig. 1 The relative abundances of microorganisms in BMG and VMG (n
= 1 Gochujang). (A) Micro-organisms of BMG at the order level and (B)
microorganisms of VMG at the order level. BMG, loperamide + BMG
Gochujang (2 g per kg bw) and VMG, loperamide + VMG Gochujang (2 g
per kg bw).
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BMG, whereas Aerosakkonema funiforme (66.93%) was the most
dominant bacterial species in VMG (ESI Tables S2 and S37).

Next, a-diversity measurements, including OTUs, ACE,
CHAO, Shannon, Simpson, phylogenetic diversity (Pd) and
Good’s coverage of library indices were analyzed to evaluate
the diversity and abundance of microorganisms in BMG and
VMG. Overall, the levels of diversity and abundance indicators
were higher in VMG compared to BMG (Table 3). Also, in the
screening stage for selecting Gochuyjang, it was confirmed that
BMG and VMG have different microbial community structures
through the p-diversity and LEfSe analysis (ESI Fig. S21 and
Table 4). Through the PCoA graph analyzed during the
Gochujang screening, it was visually confirmed that BMG and
VMG have different microbial community structures (ESI
Fig. S27). In addition, the LDA score was calculated by compar-
ing the relative taxonomic composition between BMG and
VMG, and 30 kinds of microorganisms that caused the differ-
ence in microbial communities between them were detected.
Bacillus, Bacillaceae, Staphylococcaceae, Staphylococcus, and
Staphylococcus saprophyticus were sequentially confirmed to be
microorganisms that greatly affect the difference in the
microbial communities between BMG and VMG (Table 4).

In summary, BMG is a Gochujang that is dominant with
more beneficial bacteria and has less diversity than VMG, and
VMG is a Gochujang that has more pernicious bacteria than

Table 2 The relative abundances of beneficial and pernicious microorganisms in BMG and VMG at the species level

Percentage (%)

Type of Gochujang Beneficial or pernicious Order Species Each Total
BMG Beneficial Bacillales Bacillus subtilis 92.77 92.79
Bacillus coagulans 0.01
Lactobacillales Leuconostoc mesenteroides 0.01
Pernicious Enterobacterales Proteus mirabilis 0.01 0.06
Enterobacter cloacae 0.01
Pseudomonadales Acinetobacter baumannii 0.04
VMG Beneficial Lactobacillales Leuconostoc mesenteroides 0.41 2.42
Weissella confusa 0.21
Lactococcus lactis 0.07
Lactobacillus sakei 0.07
Lactobacillus plantarum 0.01
Lactobacillus brevis 0.01
Bacillales Bacillus subtilis 1.63
Bacillus velezensis 0.01
Pernicious Enterobacterales Enterobacter cloacae 12.38 12.52
Cronobacter sakazakii 0.11
Proteus mirabilis 0.01
Pseudomonadales Acinetobacter baumannii 0.02

The relative abundances of beneficial and pernicious microorganisms of BMG and VMG (n = 1 Gochujang).

Table 3 «-Diversity indices for BMG and VMG

OTUs ACE Chao1 Shannon Simpson Phylogenetic diversity Good’s coverage of library
BMG 158 201.42 193.05 1.36 0.35 301 99.96
VMG 710 830.7 801.08 3.92 0.05 1041 99.53

a-Diversity indices for the microbiome samples from BMG and VMG (n = 1 Gochuyjang). OTUs, operational taxonomic units; ACE, abundance-

based coverage estimators.

7618 | Food Funct., 2023, 14, 7615-7630

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fo04111a

Open Access Article. Published on 03 August 2023. Downloaded on 12/5/2025 8:59:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

Table 4 Biomarker discovery of BMG and VMG (n = 1 Gochujang)

Relative
LDA abundance
Taxon effect p-
Taxon name rank size Value BMG VMG
Bacillus Genus 5.544 0.025 82.141 14.827
Bacillaceae Family 5.479 0.025 82.172 16.131
Staphylococcaceae Family 5.416 0.025 0.304 50.143
Staphylococcus Genus 5.412 0.025 0.302 49.854
Staphylococcus Species  5.393 0.025 0.040 48.060
saprophyticus
Bacillus licheniformis Species  5.364 0.025 47.476  1.161
Bacilli Class 5.138 0.025 99.786 78.064
Firmicutes Phylum 5.113 0.025 99.791 78.201
Bacillus subtilis Species  4.939 0.025 30.117 12.127
Proteobacteria Phylum  4.935 0.025 0.020 16.627
Lactobacillus Genus 4.923 0.025 17.271  0.811
Lactobacillus rennini Species  4.915 0.025 17.257  0.067
Lactobacillaceae Family  4.900 0.025 17.275  1.670
Gammaproteobacteria  Class 4.839 0.025 0.011 14.172
Bacillales Order 4.822 0.025 82.491 66.488
Enterobacterales Order 4.751 0.025 0.004 10.683
Enterococcaceae Family  4.470 0.025 0.015  6.052
Lactobacillales Order 4.408 0.025 17.295 11.574
Enterobacteriaceae Family  4.384 0.025 0.002  4.914
Tetragenococcus Species  4.327 0.025 0.002  4.208
halophilus
Tetragenococcus Genus 4.297 0.025 0.002 4.208
Leuconostocaceae Family  4.263 0.025 0.004  3.521
Bacillus Species  4.222 0.025 3.630  0.286
thermoamylovorans
Actinobacteria Phylum  4.165 0.025 0.181 3.018
Actinobacteria_c Class 4.158 0.025 0.179  3.009
Erwiniaceae Family  4.105 0.025 0.002  2.557
Enterobacteriaceae Species  4.094 0.025 0.000  2.424
Enterobacteriaceae_g Genus 4.091 0.025 0.000 2.424
Pantoea Genus 4.037 0.025 0.002  2.112

beneficial bacteria but has a greater variety of species than
BMG.

In the nutritional aspects, VMG had higher total carbo-
hydrate and sugars than BMG, resulting in higher calories
than BMG. The sodium concentration of VMG was higher than
that of BMG (ESI Table S4t)

3.2. Effects of BMG and VMG on body weight, food intake,
water consumption, urine output, and fecal excretion
parameters

There were no statistically marked differences in the changes
in body weight, food intake, water consumption, and urine
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excretion among all groups (Table 5), suggesting that none of
the treatments have been toxic.

Next, the fecal parameters, including fecal weight, feces
number and fecal water content were assessed to determine
the fecal excretion stimulatory effects of BMG and VMG on
LOP-induced constipation. As shown in Fig. 24, the weight of
fecal pellets was significantly reduced in the LOP group com-
pared to that in the ND group. Compared to the LOP group,
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Fig. 2 Effects of BMG and VMG on fecal excretion parameters in ICR
mice with LOP-induced constipation. (A) Fecal weight, (B) fecal number,
(C) fecal water content change compared to the baseline, (D) fecal
water content on day 10, and (E) AQP3 mRNA expression in the colon.
These parameters were measured at the same time during the experi-
mental period. Seven mice per group were investigated in triplicate for
fecal parameter analysis. ND, non-constipation group, LOP, loperamide
(5 mg per kg BW) + vehicle-treated group, MOSA, loperamide (5 mg per
kg BW) + mosapride citrate (3 mg per kg BW) group, BMG, loperamide
(5 mg per kg BW) + BMG Gochujang (2 g per kg BW) group, and VMG,
loperamide (5 mg per kg BW) + VMG Gochujang (2 g per kg BW) group.
Data are expressed as the mean + SD (n = 7 mice per group). *, p < 0.05,
** p < 0.01 and ***, p < 0.001 show significant differences between
different groups. Abbreviation: ICR, Institute of Cancer Research; LOP,
loperamide; AQP3, aquaporin 3.

Table 5 Measurement of body weight, feed intake, and urine output in experimental mice

Loperamide (5 mg per kg BW)

Contents ND LOoP MOSA BMG VMG
Initial body weight (g) 32.54 +£2.02 32.98 +2.08 33.38+2.12 33.19 £1.52 33.14 +1.62
Final body weight (g) 34.51 + 1.01 34.00 + 2.08 35.10 + 3.24 33.91+2.95 34.43 +0.91
Feeding behavior Food intake (g day™) 4.25 + 0.45 3.99 £ 0.21 3.87 £0.18 4.51 +1.20 4.6 £ 0.28
Water consumption (mL day™) 7.41 + 2.65 5.03 + 1.43 8.17 £ 9.29 5.61 + 1.57 557 +1.7
Urine volume (mL dayfl) 09+0.2 1.08 £ 0.28 1.12 £ 0.1 0.9+0.18 1.34 £ 0.33

This journal is © The Royal Society of Chemistry 2023
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the fecal weights of the BMG and VMG groups were signifi-
cantly increased by 107.9% and 106.98%, respectively. Also,
the number of fecal pellets in the LOP group was markedly
reduced compared to that in the ND group. Compared with
the LOP group, the number of fecal pellets was significantly
increased in the BMG (123.37%) and VMG (115.4%) groups
(Fig. 2B). Additionally, the water contents of feces were
measured on days 1 (baseline) and 10. In all LOP-treated
groups, the fecal water contents were reduced compared to the
baseline, and the LOP group had the largest reduction, but the
BMG and VMG groups showed a significant restoration of the
fecal water content (Fig. 2C). Compared with the ND group,
the fecal water content of the LOP group on day 10 was signifi-
cantly decreased by 87.38% (Fig. 2D). Moreover, there were sig-
nificant upregulations of the water contents in the BMG
(117.28%) and VMG (108.91%) groups compared to the LOP
group.

AQP3, an important regulator of water transfer in the colon,
is inversely associated with water reabsorption.”® The
AQP3 mRNA expression was analyzed to identify whether the
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changes in the fecal water content are related to the AQP3
level. Consistent with the above observations, the mRNA
expression of AQP3 was markedly increased in the LOP group
compared to that in the ND group (Fig. 2E). In addition, com-
pared to the LOP group, the BMG and VMG groups had a sig-
nificant reduction in AQP3 mRNA expression. These findings
suggest that administration of BMG and VMG could mitigate
LOP-induced constipation by improving the fecal water
content and AQP3 mRNA expression.

3.3 Effects of BMG and VMG on the GI motility and
intestinal length

To investigate whether the defecation stimulatory effects of
BMG and VMG result from the changes in GI motility and
intestinal length, we tested the GI motility through the char-
coal meal transit experiment and measured the length of the
intestine (Fig. 3A). Compared with the ND group, the propul-
sion of the charcoal meal was significantly decreased by 7.46%
in the LOP group (Fig. 3B). However, these alterations were
markedly reverted by the administration of BMG (23.51%) and
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Fig. 3 Effects of BMG and VMG on the Gl transit ratio in ICR mice with LOP-induced constipation. (A) Representative actual image showing the
charcoal meal transit in the intestine. The total intestinal tract was excised from mice of each subset group treated with 5% charcoal meal powder.
After 30 min of administration with charcoal, the length of charcoal from the stomach to the intestine was measured. The arrows indicate the
portion of the charcoal meal. (B) Transit ratio of the charcoal meal was calculated using the total length of the intestine and the distance of the char-
coal meal. (C) Length of the small intestine. ND, non-constipation group, LOP, loperamide (5 mg per kg BW) + vehicle-treated group, MOSA, lopera-
mide (5 mg per kg BW) + mosapride citrate (3 mg per kg BW) group, BMG, loperamide (5 mg per kg BW) + BMG Gochujang (2 g per kg BW) group,
and VMG, loperamide (5 mg per kg BW) + VMG Gochujang (2 g per kg BW) group. Data are expressed as the mean + SD (n = 7 mice per group). *, p
< 0.05, **, p < 0.01 and ***, p < 0.001 show significant differences between different groups. Abbreviations: Gl, gastrointestinal; ICR, Institute of
Cancer Research; LOP, loperamide.
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VMG (16%) similar to the MOSA group. Additionally, the LOP
group had a significantly shorter length of the intestine com-
pared to the ND group, while the BMG and VMG groups had a
significantly longer intestine length than the LOP group
(Fig. 3C). These observations suggest that BMG and VMG exert
defecation stimulatory effects by elevating intestinal motility.

3.4. Effects of BMG and VMG on the GI hormones and ENS-
related factors

The secretion of GI hormones and neurotransmitters regulates
the enteric nervous system (ENS), modulating the gut moti-
lity.> The levels of MTL and GAS are negatively associated with
the severity of constipation.>® As BMG and VMG administration
enhances the gut motility, GI hormones and ENS-associated
parameters were analyzed. The concentrations of GI hormones
were strongly decreased in the LOP group compared with those
in the ND group (MTL, 87.34%, GAS, 48.50%, and AChE,
75.36%) (Fig. 4A-C). Compared to the LOP group, the BMG
group had significantly increased levels of MTL (115.06%), GAS
(170.05%), and AChE (130.54%); furthermore, the VMG group
showed elevated levels of these hormones (MTL, 111.18%, GAS,
141.39%, and AChE, 120.67%) (Fig. 4A-C).

Neurotransmission is controlled through the interaction of
excitatory and inhibitory neurotransmitters.>® There are pivotal
ENS-associated proteins playing roles in gut motility, including
brain-derived neurotrophic factor (BDNF), glial cell line-
derived neurotrophic factor (GDNF), nitric oxide synthase
(NOS), and transient receptor potential cation channel sub-
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Fig. 4 Effects of BMG and VMG on Gl hormones in ICR mice with LOP-
induced constipation. The concentrations of (A) MTL, (B) GAS, and (C)
AChE were measured in the colon homogenate by ELISA. Data are
expressed as the mean + SD (n = 7 mice per group). *, p < 0.05, **, p <
0.01 and ***, p < 0.001 show significant differences between different
groups. Abbreviations: Gl, gastrointestinal; ICR, Institute of Cancer
Research; LOP, loperamide; AChE, acetylcholinesterase; MTL, motilin;
GAS, gastrin. ND, non-constipation group, LOP, loperamide (5 mg per kg
BW) + vehicle-treated group, MOSA, loperamide (5 mg per kg BW) +
mosapride citrate (3 mg per kg BW) group, BMG, loperamide (5 mg per
kg BW) + BMG Gochujang (2 g per kg BW) group, and VMG, loperamide
(5 mg per kg BW) + VMG Gochujang (2 g per kg BW) group.
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family V member 1 (TRPV1).”” Compared to the ND group, the
mRNA expressions of BDNF and GDNF were markedly
decreased in the LOP group, whereas those in BMG and VMG
groups showed an increased tendency compared to the LOP
group with and/or without statistical significances (Fig. 5A and
B). Moreover, the mRNA expressions of NOS and TRPV1 were
increased by LOP administration, while both BMG and VMG
groups showed significantly decreased mRNA expressions of
NOS and TRPV1 (Fig. 5C and D).

The muscarinic acetylcholine (Ach) receptors (mAChRs),
including M2 and M3, also play a major role in GI motility by
mediating contractions.”® The mAChR M2 maintains rhythmic
motor activities and the mAChR M3 plays a modulatory role in
the GI tract.>® LOP treatment significantly reduced the mRNA
levels of mAChR M2 and M3, while the administration of BMG
and VMG elevated the mRNA expressions of these receptors
with and/or without a statistical significance (Fig. 5E and F).
In conclusion, these results demonstrate that BMG and VMG
have anti-constipation effects by improving the release of GI
hormones and abnormalities of the ENS.
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Fig. 5 Effects of BMG and VMG on the mRNA expression levels of
enteric nerve-related factor in the colon tissue of ICR mice with LOP-
induced constipation. (A) BDNF, (B) GDNF, (C) NOS, (D) TRPV1. (E)
mAChR M2, and (F) mAChR M3. ND, non-constipation group, LOP,
loperamide (5 mg per kg BW) + vehicle-treated group, MOSA, lopera-
mide (5 mg per kg BW) + mosapride citrate (3 mg per kg BW) group,
BMG, loperamide (5 mg per kg BW) + BMG Gochujang (2 g per kg BW)
group, and VMG, loperamide (5 mg per kg BW) + VMG Gochujang (2 g
per kg BW) group. Data are expressed as the mean + SD (n = 7 mice per
group). *, p < 0.05, **, p < 0.01 and ***, p < 0.001 show significant differ-
ences between different groups. Abbreviations: ICR, Institute of Cancer
Research; LOP, loperamide; BDNF, brain-derived neurotrophic factor;
GDNF, glial cell line-derived neurotrophic factor; NOS, nitric oxide
synthase; TRPV1, transient receptor potential cation channel subfamily V
member 1. mMAChR M2, muscarinic acetylcholine receptors M2; mAChR
M3, muscarinic acetylcholine receptors M3.
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3.5. Effects of BMG and VMG on the signaling pathways
related to GI motility

Interstitial cells of Cajal (ICCs) control GI motility as pace-
maker cells by mediating intestinal electrical coupling
between smooth muscles and nerve terminals,®® and their
development, maturation, maintenance, and function are
modulated by c-Kit/SCF signaling pathways.>"

Compared to the ND group, the mRNA level of c-Kit showed
a decreased tendency in the LOP group, whereas the adminis-
tration of BMG and VMG significantly upregulated the c-Kit
mRNA level compared to the LOP group (Fig. 6A). Additionally,
the LOP group showed a significant reduction in SCF mRNA
expression relative to the ND group, while both BMG and VMG
groups showed an increased tendency of SCF mRNA levels
with and/or without a statistical significance compared to the
LOP group (Fig. 6B). Consistent with the mRNA expression, the
protein levels of c-Kit and SCF were also strongly increased by
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Fig. 6 Effects of BMG and VMG on the signalling pathways related to
gut motility in the colon tissue of ICR mice with LOP-induced consti-
pation. (A) The mRNA expression level of c-Kit, (B) mRNA expression
level of SCF, (C) western blot of c-Kit and SCF, and the quantification bar
graph (D) western blot of MAPK pathways and the quantification bar
graph. ND, non-constipation group, LOP, loperamide (5 mg per kg BW)
+ vehicle-treated group, MOSA, loperamide (5 mg per kg BW) + mosa-
pride citrate (3 mg per kg BW) group, BMG, loperamide (5 mg per kg
BW) + BMG Gochujang (2 g per kg BW) group, and VMG, loperamide
(5 mg per kg BW) + VMG Gochujang (2 g per kg BW) group. Data are
expressed as the mean + SD (n = 7 mice per group). *, p < 0.05, **, p <
0.01 and ***, p < 0.001 show significant differences between different
groups. Abbreviations: ICR, Institute of Cancer Research; LOP, lopera-
mide; SCF, stem cell factor. MAPK, mitogen-activated protein kinase;
p-ERK1/2, phospho-extracellular signal-regulated protein kinase; ERK1/
2, extracellular signal-regulated protein kinase; p-JNK, phospho-c-Jun
N-terminal kinase; JNK, c-Jun N-terminal kinase.
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BMG and VMG administration compared to the LOP group
(Fig. 6C).

The MAPK pathway is another critical signaling pathway for
GI motility in normal intestinal smooth muscle.** Compared
to the ND group, phosphorylation of ERK and JNK was mark-
edly higher in the LOP group, while BMG and VMG groups
had significantly reduced levels of these proteins compared to
the LOP group (Fig. 6D). Although phosphorylation of p38 did
not differ between the ND and LOP groups, the BMG and VMG
groups showed a significant reduction in p38 phosphorylation
compared to the LOP group (ESI Fig. S3f). Taken together,
these observations indicate that BMG and VMG alter the acti-
vation of c-Kit/SCF and MAPK signaling pathways, leading to
improvements in GI motility in LOP-induced constipation.

3.6. Effects of BMG and VMG on the histopathological
structures of the transverse colon

In addition to the beneficial effects of BMG and VMG on GI
motility via the secretions of GI hormones and neurotransmit-
ters, and the signaling pathways, the influences of both types
of Gochujangs on the colon structure were also investigated
(Fig. 7A). Compared with the ND group, the LOP group dis-
played a significant reduction in the muscle thickness,
mucosa layer thickness, and flat luminal surface thickness
(Fig. 7B-D). However, these parameters of the BMG and VMG
groups were dramatically increased compared with those of
the LOP group. Taken together, these observations imply that
BMG and VMG administration ameliorates histopathological
damage to the colon tissue in LOP-induced constipation.

3.7. Effects of BMG and VMG on gut microbial diversity and
composition

The 16S rRNA gene sequence metagenomic analysis was used
to evaluate the alteration of the intestinal microbiome profile
among groups. The VMG group was different from the LOP
group and similar to the MOSA group, suggesting that BMG
can change the composition of the intestinal microbiota
(Fig. 8A). Moreover, the VMG group had significantly lower
ACE, CHAO, and Pd indices compared to the LOP group,
whereas the other parameters did not have any significant
differences among the groups (Fig. 8B), indicating that VMG
affects the distribution and diversity of the gut microbiota
while BMG does not.

At the phylum level, the fecal microbiota of all groups was
dominated by Bacteroidetes, Firmicutes, Verrucomicrobia, and
Proteobacteria (Fig. 9A). Compared to the ND group, the LOP
group showed downregulated levels of Bacteroidetes and
Verrucomicrobia and upregulated levels of Firmicutes and
Proteobacteria (Fig. 9A and B). Compared to the LOP group, both
BMG and VMG groups strongly reversed these trends of the LOP
group. Therefore, the ratio of Firmicutes/Bacteroidetes of the LOP
group was significantly higher compared with that of the ND
group, while the BMG and VMG groups had a markedly lower
ratio of Firmicutes/Bacteroidetes than the LOP group (Fig. 9C). At
the genus level, compared with the ND group, the LOP group
showed reduced levels of Akkermansia, Parabacteroides, and

This journal is © The Royal Society of Chemistry 2023
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Alistipes and elevated levels of Pseudoflavonifractor and
Oscillibacter (Fig. 10A and B). Both the BMG and VMG groups
restored these tendencies in the LOP group. In summary, BMG
and VMG mitigate LOP-induced constipation via alterations in
gut microbiota diversity and compositions.

3.8. Correlation between physicochemical indices and the
gut microbiota

To understand the correlations between the physicochemical
indices of constipation and 42 genera of the gut microbiota,
Spearman’s correlation analysis was performed (Fig. 11). The
GI transit ratio was negatively correlated with Oscillibacter,
Marvinbryantia, and Enterococcus. AQP3 was positively corre-

This journal is © The Royal Society of Chemistry 2023

lated with Bacteroides and Paludicola, but inversely correlated
with Parabacteroides and Enterococcus. GAS and mAChR M3
with
and

were  positively  and negatively  correlated
Pseudoflavonifractor, Acetatifactor, Desulfovibrio,
Enterohabdus, respectively. Additionally, GAS and Lactococcus
showed a negative correlation. In addition, Lactococcus has a
positive correlation with TRPV1 and c-Kit. Acutalibacter,
Harryflintia, and Massilioclostridium were inversely correlated
with  TRPV1, while Oscillibacter, Desulfovibrio, and
Muribaculum had a negative correlation with c-Kit. Lastly,
mAChR M3 was positively correlated with Akkermansia and
Parabacteroides. These observations indicate that those

changes in the gut microbiota composition are associated with
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cipal co-ordinate analysis of the gut microbiomes after the induction of constipation. (B) a-Diversity indices after the induction of constipation, ND,
non-constipation group, LOP, loperamide (5 mg per kg BW) + vehicle-treated group, MOSA, loperamide (5 mg per kg BW) + mosapride citrate (3 mg
per kg BW) group, BMG, loperamide (5 mg per kg BW) + BMG Gochujang (2 g per kg BW) group, and VMG, loperamide (5 mg per kg BW) + VMG
Gochujang (2 g per kg BW) group. Data are expressed as the mean + SD (n = 5 mice per group). *, p < 0.05, **, p < 0.01 and ***, p < 0.001 show sig-
nificant differences between different groups. Abbreviations: ICR, Institute of Cancer Research; LOP, loperamide; OTUs, operational taxonomic

units; ACE, abundance-based coverage estimators.

constipation and that they are ameliorated by BMG and VMG
consumption.

4. Discussion

The pharmacological treatments of constipation are less
applied due to the possibility of adverse effects, such as myo-
cardial infarction.>* Thus, food and/or diet interventions (e.g.,
traditional foods and herbal medications) have been rec-
ommended to prevent and/or treat constipation.®® Gochujang is
a representative fermented hot pepper paste of Korea contain-
ing multiple bacterial species."* The composition of its
microbial communities is highly dependent on environmental
factors (e.g., weather and province) and the physicochemical
properties of raw materials (e.g., meju).**** However, the dis-
tinct physiological effects of Gochuyjang based on its different
microbial composition are less explored. Here, we found that
two different types of Gochujangs, BMG and VMG, ameliorate
LOP-induced constipation by improving water reabsorption, GI
motility, GI hormone and neurotransmitter release, aberration
of the ENS and the related signaling pathways, and by chan-
ging the gut microbiota composition.

The interruptions of water reabsorption and water contents
in stool reduce GI motility, leading to the development of con-

7624 | Food Funct, 2023, 14, 7615-7630

stipation consequently, because water has a laxative effect.*®
AQP3 is highly expressed at the apical membrane of colon
mucosal epithelial cells,>* and it has been highlighted as a
new therapeutic target for constipation due to its roles in water
transport in the colon.’” Both BMG and VMG increased fecal
weight, the frequency of defecation, water contents in stools,
and decreased AQP3 mRNA expression in the colon in LOP-
induced constipation mice. A previous study demonstrated
that B. subtilis, isolated from Korean fermented soybean foods
(doenjang and kimchi), has a high adaptability to the GI
environment and prevents constipation by modulating the GI
transit ratio.”® BMG has a higher level of B. subtilis than VMG,
suggesting that the above defecation stimulatory effects of
BMG might be associated with its high level of B. subtilis, but
VMG might have different mechanisms such as the alterations
of metabolite production (e.g., short chain fatty acid and
lactate) and the intestinal pH.?>**® Therefore, future studies are
essentially required to investigate the production of different
metabolites based on the microbial composition of Gochujang
to connect the detailed functions of Gochujang’s microbial
communities and its health beneficial outcomes.

A balance of contraction and relaxation of the intestinal
muscle layer by excitatory and inhibitory stimulations is criti-
cal to maintaining normal GI motility.*" GI movements are
regulated by GI hormones, neurotransmitters, and the ENS.

This journal is © The Royal Society of Chemistry 2023
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The administration of BMG and VMG significantly enhanced
the release of GI hormones (MTL, GAS, and AChE) and the
mRNA expressions of excitatory neurotransmitters (BDNF and
GDNF) in LOP-induced constipation mice. Moreover, the
mRNA levels of inhibitory neurotransmitters, NOS and TRPV1
were suppressed by BMG and VMG consumption. Additionally,

This journal is © The Royal Society of Chemistry 2023

BMG and VMG significantly elevated the mRNA expressions of
mAChR M2 and M3 acting on water absorption through the
regulation of Ach action. The administration of probiotics
such as Lactobacillus acidophilus LA11-Onlly restored MTL and
GAS levels in LOP-induced constipation mice.*” Additionally,
the oral administration of Lactobacillus plantarum YS2 reversed

Food Funct., 2023,14, 7615-7630 | 7625
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Fig. 10 Effects of BMG and VMG on the gut microbiota at the genus level of ICR mice with LOP-induced constipation. (A) Genus level graph and (B)
genera with significant differences at the genus level. ND, non-constipation group, LOP, loperamide (5 mg per kg BW) + vehicle-treated group,
MOSA, loperamide (5 mg per kg BW) + mosapride citrate (3 mg per kg BW) group, BMG, loperamide (5 mg per kg BW) + BMG Gochujang (2 g per kg
BW) group, and VMG, loperamide (5 mg per kg BW) + VMG Gochujang (2 g per kg BW) group. Data are expressed as the mean + SD (n = 5 mice per
group). *, p < 0.05, **, p < 0.01 and ***, p < 0.001 show significant differences between different groups. Abbreviations: ICR, Institute of Cancer

Research; LOP, loperamide.

not only TRPV1 and NOS protein levels, but also serum Ach
levels in activated carbon-induced constipation mice.** In the
future, the exact involvement of each Gochuyjang’s microbiota
in the regulation of GI hormone and neurotransmitter release
should be established.

c-Kit/SCF and MAPK signaling pathways play significant
roles in intestinal GI movements. The c-Kit/SCF pathway con-
trols the maturation and development of ICCs, pacemaker
cells of intestinal motility.>*>*' According to Shahi et al., the
¢-Kit/SCF pathway promotes the expression of the 5-hydroxy-
tryptamine 4 receptor (5-HT,) of ICCs by elevating the sensi-
tivity of ICCs to GI hormones.***> BMG and VMG significantly
elevated c-Kit/SCF signaling-associated mRNA and protein

7626 | Food Funct, 2023, 14, 7615-7630

levels in LOP-induced constipation mice, suggesting the possi-
bility that BMG and VMG could directly play roles in the devel-
opment and maturation of ICCs. The MAPK pathway manages
intestinal smooth muscle contractions.””> An earlier study
found that Cheonggukjang, another traditional Korean soybean
fermented food, elicits anti-constipation effects by downregu-
lating MAPK signaling pathways in LOP-induced constipation
mice.*® Consistently, the present study found that BMG and
VMG suppressed MAPK signaling pathways in LOP-induced
constipation mice. Isoflavones, such as daidzein, have anti-
inflammation effects through MAPK signaling pathway modu-
lation,”” and the main ingredient in Gochujang is soybean.
Therefore, the subsequent studies should explore the possible

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Spearman correlations between the communities of the gut microbiota and the physicochemical indices at the genus level (n = 5 mice per
group). Abbreviations: Gl, gastrointestinal; AQP3, aquaporin 3; MTL, motilin; GAS, gastrin; AChE, acetylcholinesterase; BDNF, brain-derived neuro-
trophic factor; GDNF, glial cell line-derived neurotrophic factor; NOS, nitric oxide synthase; TRPV1, transient receptor potential cation channel sub-
family V. member 1; SCF, stem cell factor; mAChR, muscarinic acetylcholine receptor. Significant differences of correlations are presented by *, p <

0.05, **, p < 0.01 and ***, p < 0.001.

and/or precise compounds, including isoflavones in Gochujang
to better understand their functions in ICC maintenance and
GI motility-associated signaling pathways.

The gut microbiota is pivotal to maintaining normal colon
health and GI movement; therefore, dysbiosis of intestinal
flora causes chronic GI diseases, including constipation.*® For
example, constipation patients have a reduced level of Alistipes
and an increased Firmicutes to Bacteroidetes ratio and
Desulfovibrio level.**' As fermented foods contain large and
diverse microbiomes, consumption of fermented foods (e.g.,
kimchi, yogurt, and cheese) could alter the gut microbiota
composition and alleviate GI diseases, such as constipation.>
BMG and VMG markedly upregulated the levels of
Bacteroidetes, Verrucomicrobia, Akkermansia, Parabacteroides,
and Alistipes, but significantly lowered the levels of Firmicutes,
Proteobacteria, Pseudoflavonifractor and Oscillibacter in LOP-
induced constipation mice. Moreover, the previous changes in
physicochemical parameters in this study had a significant
correlation with those gut microbiota composition alterations
(Fig. 11). Intriguingly, even though BMG and VMG showed
similar outcomes in the alterations of the gut microbiota and
other previous physicochemical indicators, only the VMG
group had a lower o-diversity (ACE and CHAO) and phyloge-
netic diversity than the LOP group, implying that the microbial

This journal is © The Royal Society of Chemistry 2023

diversity in the intestinal microbiota does not directly reflect
the characteristics of food’s microbial communities.

The present study demonstrated that the consumption of
Gochujang elicits anti-constipation outcomes regardless of its
different microbial communities by improving GI motility and
altering the gut microbiota composition. Shortly, Gochujang
enhances GI motility via (1) the elevations of water contents and
reabsorption, (2) the enhancements of GI hormone secretion,
neurotransmitter release, and ENS abnormalities, and (3) the
alterations of GI motility associated signaling pathways. The
limitations of the current study are that (1) only two kinds of
Gochujangs are used for this study and (2) the experimental
period was only two weeks. As described above, the gut micro-
biota of Gochujang differs based on diverse factors, including
weather, nutrition etc. Although the two types of Gochuyjangs
had different effects on the gut microbiota of mice due to the
difference in the microbial composition, they may also be due
to nutritional differences, which are minor elements. Therefore,
upcoming research is needed to utilize more of the various
Gochujang types in long-term experimental design and human
feeding studies. Nevertheless, the current study is still meaning-
ful as it investigated the constipation mitigative effect of
Gochyjang and its detailed underlying molecular mechanisms
in addition to the gut microbial composition changes.

Food Funct, 2023,14, 7615-7630 | 7627
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5. Conclusions

In conclusion, it was discovered that Gochujang can relieve
LOP-induced constipation in ICR mice, despite the different
microbiota. BMG and VMG improve fecal excretion by increas-
ing feces weight, water content and GI transition through GI
hormones and various neurotransmitters. It was found that
the constipation relief effect of Gochujang leads through the
¢-Kit/SCF, MAPK, and mAChR signaling pathways. The mice’s
gut microbiota was dominated by Bacteroidetes, Firmicutes, and
Verrucomicrobiota. BMG and VMG increase in Bacteroidetes,
decrease in Firmicutes (at the phylum level), and decrease in
Desulfovibrio (at the genus level). However, significantly
reduced Acetatifactor shown only in BMG, but
Akkermansia, Caproiciproducens, and Acutalibacter showed sig-
nificant differences in the VMG group.
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