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Background: Irritable bowel syndrome (IBS), the most common functional gastrointestinal disorder, is
characterized by chronic abdominal pain and bowel habit changes. Although diverse complicated eti-
ologies are involved in its pathogenesis, a dysregulated gut—brain axis may be an important factor. Red
ginseng (RG), a traditional herbal medicine, is proven to have anti-inflammatory effects and improve
brain function; however, these effects have not been investigated in IBS.
Methods: Three-day intracolonic zymosan injections were used to induce post-infectious human IBS-like
symptoms in mice. The animals were randomized to receive either phosphate-buffered saline (CG) or RG
(30/100/300 mg/kg) for 10 days. Amitriptyline and sulfasalazine were used as positive controls.
Macroscopic scoring was performed on day 4. Visceral pain and anxiety-like behaviors were assessed by
colorectal distension and elevated plus maze and open field tests, respectively, on day 10. Next-
generation sequencing of gut microbiota was performed, and biomarkers involved in gut—brain axis
responses were analyzed.
Results: Compared to CG, RG significantly decreased the macroscopic score, frequency of visceral pain,
and anxiety-like behavior in the IBS mice. These effects were comparable to those after sulfasalazine and
amitriptyline treatments. Moreover, RG significantly increased the proliferation of beneficial microbes,
including Lactobacillus johnsonii, Lactobacillus reuteri, and Parabacteroides goldsteinii. RG significantly
suppressed expression of IL-1f and c-fos in the gut and prefrontal cortex, respectively. Further, it restored
the plasma levels of corticosterone to within the normal range, accompanied by an increase in adre-
nocorticotropic hormone.
Conclusion: RG may be a potential therapeutic option for the management of human IBS.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Irritable bowel syndrome (IBS) is one of the most prevalent
functional gastrointestinal disorders characterized by chronic or
recurrent abdominal pain associated with changes in bowel habit.
As yet, there are no IBS-specific diagnostic biomarkers or effective
therapeutics. The current treatment comprises merely the
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simultaneous administration of multiple drugs, including anti-
diarrheal, laxatives, analgesics, antidepressants, and anti-
inflammatory agents, to relieve the symptoms.

Although the complex pathogenesis of IBS is not fully under-
stood [1], an altered gut—brain axis homeostasis has been consid-
ered as an important etiology. The gut—brain axis is a bidirectional
communication network between the gut and the brain that in-
cludes the enteric nervous system (ENS), central nervous system
(CNS), brain, spinal cord, autonomic nervous system, and hypo-
thalamic—pituitary—adrenal (HPA) axis [2,3]. Various factors,
including intestinal infection, gut inflammation, and psychological
stress, contribute to gut—brain axis dysfunction. It is known that
post-infectious (PI)-IBS develops after severe enteritis caused by
infection. This persistent low-grade inflammation sends
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detrimental signals to the brain and adversely affects intestinal
physiology [4]. Traumatic stress, such as early maternal separation,
is also associated with development of IBS [5]. Subjects with IBS
exhibit higher depression and anxiety levels compared to those
without; 30%—40% of patients with IBS have depression or anxiety
disorder as comorbidities [6,7]. Furthermore, the HPA axis responds
to stressors by releasing corticotropin-releasing hormone from the
hypothalamus that stimulates the pituitary gland to secrete adre-
nocorticotropic hormone (ACTH), which in turn stimulates cortisol
release [8]. Increased cortisol exacerbates the IBS-related abdom-
inal symptoms via alterations in gut-associated immune tissue and
the ENS [9]. Patients with IBS reportedly show excess levels of
serum cortisol [8]. Another communication pathway between the
gut and the brain is via the microbiota. Enteric microbiota interact
with intestinal immune cells, ENS, and CNS through neuroendo-
crine pathways [2] and thereby play a pivotal role in the patho-
physiology of IBS [1].

Ginseng, a perennial plant (genus Panax, family Araliaceae), is a
source of popular herbal medicine that has been used for thousands
of years [10]. It is reported to have ameliorative effects on inflam-
mation, and is thought to help combat depression by effectively
suppressing stress [11,12]. Therefore, it is a promising candidate to
treat IBS.

Based on the understanding that IBS is a multifaceted disease
affecting not just the gastrointestinal (GI) tract, but also the changes
in mood and systemic endocrine responses [13], this study aimed to
analyze the efficacy of red ginseng (RG) extract as a natural medi-
cine for human PI-IBS using a zymosan-induced IBS mouse model
presenting IBS-like symptoms [14—16].

2. Materials and methods
2.1. Preparation of RG

RG extract was manufactured and kindly provided by the Korea
Ginseng Corporation (Daejeon, Korea). The procedure for RG
extraction followed the international standard production process
(ISO 19610), and the constituents of RG have been reported in
previous studies [17,18].

2.2. Animal experiments

Seven-weeks-old C57BL/6 male mice were purchased from
Daehan Biolink, Inc. (Chungbuk, Korea). All animal experiments in
the present study were approved by the Gachon University Center
of Animal Care and Use (LCDI-2019-0137). Mice were adapted to the
controlled conditions of 12:12h light/dark cycle, temperature of
22 + 2°C, and humidity of 40—60%, with free access to standard
food (LabDiet 5053, Orientbio) and sterilized water. After accli-
mating the mice for 1 week, they were randomly divided into 7
groups (n = 6/group, 3/cage for macroscopic, n = 10/group, 5/cage
for behavior and pain tests) as follows: naive, control (zymosan
injection), RG (30, 100, or 300 mg/kg), amitriptyline (AMT; 10 mg/
kg, Sigma-Aldrich, St. Louis, USA), and sulfasalazine (SSZ; 30 mg/kg,
Sigma-Aldrich). Based on previous studies, the number of animals,
dosage [20—22], and duration of RG treatment [13,19] were deter-
mined. IBS was induced in all mice except those in the naive group
by transcolonic injections of 0.1-mL suspension of zymosan [30 mg/
mL in phosphate buffered saline (PBS), Sigma-Aldrich] for three
consecutive days [23]; the naive mice were injected with PBS. Three
hours post zymosan injection, the mice were orally administered
RG, AMT, or SSZ in 100 pL PBS. On days 4 and 10, the mice were
anesthetized using isoflurane and sacrificed by cardiac puncture,
and were subsequently biopsied for analysis. The animal experi-
mental scheme is presented in supplementary Fig. 1.
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2.3. Changes in body weight and food intake

The body weights of mice in all groups were measured at the
same time each day, prior to drug administration during the
experiment. The individual food intake of mice was calculated as
{(initial serving + additional serving)-remainder}/each cage mouse
number [24].

2.4. Macroscopic scoring of zymosan-induced colon changes

The colon length was determined by measuring from the aboral
end of the cecum to the anus, and colon weight was measured after
removing the stools. Stool conditions were scored by five blinded
researchers. The colon weight (increase vs. control), colon length
(decrease vs. control) (score 0, < 5%; 1, 5%—14%; 2, 15%—24%; 3,
25%—35%; and 4, > 35%), and stool scores (0, normal; 1, loose/moist;
2, amorphous/sticky; and 3, diarrhea) were graded individually for
all experimental animals. Total macroscopic score index for the
severity of changes in the colon was defined as sum of the indi-
vidual colon macroscopic score indices (0, normal; 1-11, increasing
severity of affected) by Kimball et al. [24,25].

2.5. Histological examination

The colon tissues were fixed and embedded in paraffin, 4-um
thick sections were cut, and stained with hematoxylin and eosin to
detect infiltrated inflammatory cells [25]. The cells were observed
under a high resolution up-light fluorescence microscope (Zeiss,
Oberkochen, Germany). The mucosa thickness (pm) was measured
vertically from the abutting part of the submucosa and mucosa to
the end of the mucosa. The proportion of infiltrated inflammatory
cells was measured as the area (mm?) in the mucosa using View-
point software (Viewpoint, Inc., Chatswood, NSW, Australia).

2.6. Pain-related behavior test

To investigate visceral pain in zymosan-induced PI-IBS, the
following method and scoring were used to evaluate colorectal
distension [26]: A thin tube (6-inch-long with 1.4 mm diameter)
with a balloon at the end was inserted into a syringe filled with 0.5
mL PBS. The balloon was then inserted into the mice colon via the
anus and as much pressure was applied as the PBS volume.
Abdominal withdrawal reflex (AWR) scores (0—4) were used to
assess the reaction of visceral stimuli [17] (Fig. 3A). The total
visceral pain-related behaviors were counted and recorded over 10
min. The scores were scored by 5 blind testers [19,27].

2.7. Anxiety-related behavior test

In the open field test, mice were tested individually by trans-
ferring them to the test field and recording their behaviors for
10 min. For the elevated plus maze test, the structure consisted of
an elevated plus-shaped acrylic maze (50 cm from the floor) with
two open and two closed arms (50 cm x 5 cm x 40 cm walls). After
placing each mouse in the maze center, its performance was
recorded, including time spent in the open and closed arms
throughout a 5-min session [28]. The recordings were analyzed
using SMART 3.0 video tracking software (Panlab S.I, Barcelona,
Spain).

2.8. Microbiota next-generation sequencing (NGS) analysis
Microbiota analysis was performed by Macrogen, Inc. (Seoul,

South Korea) using the Illumina platform to sequence various
species.
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2.9. Real-time quantitative polymerase chain reaction (RT-gPCR)

Colon total RNA was isolated using Trizol reagent (Invitrogen,
Carlsbad, USA), and cDNA synthesis using a PrimeScript RT reagent
kit (TaKaRa, Shiga, Japan). mRNA expression of interleukin-1§ (IL-
1B), tumor necrosis factor-alpha (TNF-a), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were quantified using a
C1000 Thermal Cycler CFX384 Real-Time System (Bio-rad, Hercu-
les, USA) with PowerSYBR® Green PCR Master Mix (Applied bio-
systems, Foster City, USA). The following primers were used: mouse
IL-18 forward; 5'-AGTTGACGGACCCCAAAAGAT-3/, reverse; 5'-
GTTGATGTGCTGCTGCGAGA-3/, mouse TNF-a forward; 5’'-
CTGTAGCCCACGTCGTAGC-3/, reverse; 5 -TTGAGATCCATGCCGTTG-
3, mouse GAPDH forward; 5'-CGACTTCAA-
CAGCAACTCCCACTCTTCC-3/, reverse; and 5'-
TGGGTGGTCCAGGGTTTCTTACTCCTT-3'. The reaction was per-
formed at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s,
55 °C for 15 s, and 72 °C for 20 s.

2.10. Immunofluorescence (IF) analysis

Animals were anesthetized and trans-cardially perfused with 4%
paraformaldehyde (PFA) in PBS. Mice brains were pre-fixed with 4%
PFA overnight and kept overnight in 30% sucrose in PBS. The pre-
frontal cortex (PFC) (1.78 mm prior to bregma) were frozen-
sectioned into 20-um thick serial coronal sections using an
optimal cutting temperature compound. The sectionalized tissues
on slide glass were permeabilized for 20 min at 23 °C with 0.1%
Triton X-100 in PBS and blocked with 2% bovine serum albumin for
1 h at 23 °C. Then, they were incubated with c-fos antibody (1:50,
Santa Cruz Biotechnology, Santa Cruz, USA) overnight at 4 °C,
washed with PBS for 10 min, and incubated with fluorescein
isothiocyanate-conjugated (FITC) AffiniPure goat anti-mouse IgG
(H+L) (1:200, Jackson ImmunoResearch, Inc., West Grove, USA) for
1 h at 23 °C. C-fos expression was evaluated using confocal mi-
croscopy (LSM T-PMT; Zeiss, Oberkochen, Germany) and ZEN
software (Zeiss). Image] software (National Institutes of Health)
was used to quantify the fluorescence intensity of c-fos expression.

2.11. Western blotting

Brain samples were homogenized; equal amounts (40 ug) of
proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to PVDF mem-
branes (Merck, Darmstadt, Germany). The membranes were probed
overnight with c-fos-specific antibodies (Santa Cruz Biotechnology,
Inc.). The band density was compared using B-actin as control and
measured using Image] software.

2.12. Enzyme-linked immunosorbent assay (ELISA)

ELISA kits were used to detect adrenocorticotropic hormone
(Enzo life science, Farmingdale, USA), and corticosterone (Enzo life
science) in mice plasma.

2.13. Statistical analyses

All data are represented as mean + standard deviation. One-way
analysis of variance (ANOVA) was performed using Prism GraphPad
software (San Diego, CA, USA) to analyze differences between the
groups. Multiple group comparisons were performed using one-
way ANOVA, followed by post-hoc Tukey's tests; p < 0.05,
p < 0.01, and p < 0.001 were considered statistically significant.
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3. Results
3.1. Effects of RG on body weight changes and food intake

The body weight and food intake were compared across the
different groups (Fig. 1A and B). Mean body weights were compa-
rable across the 7 groups. Notably, zymosan injection was associ-
ated with significant decrease in body weight on days 4, 7, and 10 in
the control mice (—4.49 + 0.82%, —2.24 + 0.82%, and —0.47 + 1.23%)
compared to that in the naive mice. However, RG administration
suppressed the loss of body weight on day 4 (RG 30: 0.4 8 + 0.74%,
RG-100: 0.00 + 0.88%, and RG-300: —0.02 + 0.88%) (Supplementary
Table 1). Moreover, all groups were no difference observed in food
intake (Fig. 1B). These results suggested that RG inhibited the
decrease in body weight of mice with zymosan-induced IBS mice
without affecting their food intake.

3.2. Effects of RG on macroscopic scoring

To determine the differences in gut physiology among the
treatment groups, macroscopic scores using three parameters
(colon length, colon weight, and stool score) were calculated and
analyzed. Zymosan injections induced distal colon shortening in
control mice (7.5 + 0.33 cm) compared to the naive mice (9.3 + 0.49
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Fig. 1. Effects of RG on body weight change and food intake. (A) Body weight
changes compared across different treatment groups followed by (B) food intake
assessment. Data are presented the means + SD values. (One-way ANOVA; #p<0.05,
###p<0.001 vs. Naive; *p<0.05, **p<0.01, ***p<0.001 vs. Cotrol). RG, red ginseng;
AMT, amitriptyline; SSZ, sulfasalzine
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cm), which indicated colitis. However, RG-administered groups
showed increased colon length compared to that in the control
group (RG-30: 8.9 + 0.74 cm, RG-100: 8.9 + 0.80 cm, and RG-300:
8.9 + 0.80 cm; Fig. 2A). Furthermore, colon weights were signifi-
cantly increased in the control (0.764 + 0.021 g) relative to that in
the naive mice (0.557 + 0.030 g). However, RG administration
significantly decreased the colon weights (RG-30: 0.636 + 0.044 g,
RG-100: 0.594 + 0.035 g, and RG-300: 0.673 + 0.030 g), such that
the weights approached those of the naive group (Fig. 2B). The
naive mice defecated dark brown rigid feces, whereas the control
mice had watery, sticky masses of bright brown or yellow-colored
feces, indicating moderate diarrhea. The stool score increased in
the control mice (3.38 + 1.065) compared to that in the naive mice
(1.35 + 1.314), but RG administration significantly reduced the stool
score (RG-30: 2.27 + 1406, RG-100: 2.10 + 1.285; Fig. 2C). The
macroscopic score was significantly increased by zymosan injection
and resulted in low-to-moderate colitis and diarrhea. Scores in the
RG-administered groups were significantly reduced, counteracting
the effects of zymosan injection (Fig. 2D).

3.3. Effects of RG on colon histological changes

To examine the RG effects on colonic inflammation, histological
examinations of zymosan-injected colons by H&E staining were
performed. The control group showed increased epithelial thick-
ening and proportion of submucosal inflammatory cell infiltration,
indicating low-to-moderate-grade inflammation (Fig. 2E) [24]. In
contrast, mice in RG-30 and RG-100 groups showed decreased in-
testinal mucosal hyperplasia and inflammatory cell infiltration and
decreased mucosal thickness to near normal levels (Fig. 2F and G).
These results were comparable to that observed with administra-
tion of SSZ, an anti-inflammatory drug.

3.4. Effects of RG on visceral pain-related behavior

To investigate the effects of RG on visceral pain, mice were
subject to colorectal distension to induce pain. On day 10, the
control mice showed pain-related behaviors and the AWR was
significantly higher in the control group (2.085 + 0.940) than that in
the naive group (1.391 + 0.659). In contrast, RG-30/100/300 groups
showed significant decrease in AWR (1.351 + 1.02, 1.280 + 1.027,
and 1.396 + 1.000, respectively; Fig. 3B). These data suggested that
RG administration improved visceral pain in mice with PI-IBS.

3.5. Effects of RG on anxiety-like behavior

To quantify anxiety-like behaviors in mice, they were subject to
both open field test (OFT) and elevated plus maze (EPM) test. The
OFT results indicate the exploring ability, with decreased search
activity indicating increased anxiety. In zymosan-induced IBS mice,
total distance and the number of zone transitions (indicators of
search activity) were significantly reduced in the control group
(2180.63 + 281.30 cm; Fig. 4A) compared to that in the naive group.
However, they were increased in the RG-30/100/300 groups
(2660.76 + 289.52, 2793.80 + 418.90, and 2762.34 + 202.22 cm,
respectively) to levels similar to that in the naive (2793.68 + 261.50
cm) and AMT-treated groups (2826.88 + 120.20 cm; Fig. 4A).

In the EPM test, anxiety was analyzed by measuring total dis-
tance, entries in zone-center, time spent in open/closed arms. The
total distance in the control group (885.64 + 171.87 cm) decreased
whereas that in the RG-30/100/300 groups (1335.59 + 157.63,
1383.32 + 184.35,1352.46 + 102.76 cm, respectively) was similar to
that in the naive group (1202.98 + 272.10 cm) (Fig. 4C). Control
group showed fewer center zone entries compared to the naive
group (4.88 + 0.99% vs. 14.00 + 7.37%). RG treatment groups showed
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increased center zone entries (14.38 + 4.87%, 17.00 + 4.44%,
16.50 + 3.74%, respectively; Fig. 4D). The duration of staying in the
open arms was significantly reduced in the control mice compared
to that in the naive mice on day 10 (naive: 3.44 + 1.28% vs. control:
0.34 + 0.37%). The frequency of staying in the open arms markedly
increased in the RG group compared to that in the control group on
day 10 (RG-30: 3.12 + 2.86%, RG-100: 3.32 + 1.94%, RG-300:
233 + 1.00%; Fig. 4E). RG showed similar effects to AMT
(2.22 + 2.38%). Furthermore, the duration spent in the closed arm
increased significantly in the control group compared to that in the
naive group (naive: 87.86 + 6.33% vs. control: 95.95 + 1.98%), and
decreased in the RG group (RG-30: 84.81 + 5.14%, RG-100:
84.72 + 3.72%, RG-300: 85.04 + 4.23%, all p < 0.001), similar to
that in the naive group and the AMT group (83.36 + 3.06%, vs.
control, p < 0.001). (Fig. 4F). These data indicated that zymosan-
induced PI-IBS mice showed decreased mobility, most likely due
to anxiety-like behavior, and RG administration improved these
symptoms in a dose-dependent manner.

3.6. Effects of RG on gut microbiome changes

To determine whether zymosan-induced PI-IBS altered gut
microbiota, a general microbiome assessment was done across all
groups. At the phylum level of the gut microbiome, the ratio of the
two most common bacteria, Firmicutes and Bacteroidetes changed
[29]. The percentage ratio in the naive group was 19.16/77.02, and
that in the control group was 21.49/74.83. In the RG-100 group, this
percentage ratio (18.60/79.26) was similar to that in the naive
group (Fig. 5A and B). Changes in the ratio at the genus level were
also observed (Fig. 5C). At the species level, Lactobacillus johnsonii
and Lactobacillus reuteri increased significantly in the RG-100
group. Parabacteroides goldsteinii was significantly decreased in
the control group, but similar levels were found in both the RG-100
and naive groups (Fig. 5D—F). These data indicated that zymosan-
induced PI-IBS altered the gut microbiota at the phylum and spe-
cies level, which may play a role in the overall pathophysiology of
PI-IBS.

3.7. Effects of RG on gut pro-inflammatory cytokine expression

To evaluate the changes in inflammatory cytokine levels of the
colon, mRNA levels of IL-1$ and TNF-o were measured. The control
group showed increased levels of both IL-18 and TNF-o compared
to the naive group. Contrastingly, the IL-1p levels were significantly
reduced and TNF-« levels tended to decrease in the RG-100 group
(Fig. 6A and B).

3.8. Effects of RG on prefrontal cortex c-fos expression

The elevated c-fos level in the prefrontal cortex indicates neural
hyperactivation in IBS [30,31]. To determine changes in c-fos levels
across the groups, extracted prefrontal cortices were analyzed. IF
showed an increase in c-fos expression in the control group and a
decrease in the RG-100 group. Quantitative analysis of c-fos protein
showed an increase in the control group and a significant decrease
in the RG-100 group (Fig. 6C and D). Furthermore, western blot
confirmed that the c-fos levels in the RG-100 group were signifi-
cantly reduced compared to those in the control group (Fig. 6E and
F).

3.9. Effects of RG on plasma corticosterone and ACTH levels
To investigate whether zymosan-induced PI-IBS altered the HPA

axis, the concentration of corticosterone and ACTH in mouse
plasma were measured by ELISA. Plasma corticosterone levels were



E

Stool score (Bristol scale)

15-
£
310 it
- - —_— P A S e
= L
c
2
c
S *7
o
(&S]
0- T
VO IR IR R N4 2
& SN
éoo < Q.O an

Zymosan (30 mg/ml)

Zymosan (30 mg/ml)

Colon weight (g)

-
o
]

e
o
1

=
o
]

Macroscopic score

Zymosan (30 mg/ml)

Zymosan (30 mg/ml)

Control

RG 30

RG 300

S8Z

RG 100

E40_ HHHE

=

(2} -

@ 30

o *%k

5 *%

.220- *kk

o

it

© 10-

w10

o

S

= 0— PP S OO LS Aa
Q2 O\ O
Ib\o\o N ’bv. (-3
éoo QQ.OQ.O

Zymosan (30 mg/ml)

710

@

Proportion of infiltrated
inflammatory cells (mm2)

Zymosan (30 mg/ml)

Fig. 2. Effects of RG on gut macroscopic changes. Macroscopic gut assessment of different treatment groups showing (A) colon length, (B) colon weight, (C) stool score, and (D) a
comprehensive overall macroscopic score. (E) H&E staining showing histological changes across groups (X20) (F) quantitative results of colon mucosa thickness and (G) proportion
of infiltrated inflammatory cells. Data are presented the means + SD values. (One-way ANOVA; ###p<0.001 vs. Naive; *p<0.05, **p<0.01, ***p<0.001 vs. Cotrol). RG, red ginseng;
AMT, amitriptyline; SSZ, sulfasalzine



S. Yu, E. Chun, Y. Ji et al.

Journal of Ginseng Research 45 (2021) 706—716

AWR .
Score Reflex Behaviors
A
0 no change in behavior %
PBS 0.5 mL injecti
S 0.5 mL injection 1 stomach pressed against the ground %
2 stomach slightly elevated off the ground %
Balloon L . complete elevation of the stomach off the
colonic distention 3 ground %
4 arched back due to an exaggerated
elevation of its stomach above the ground
B
2.59 #
o
O 2.04
(8]
» k% kkk * *k *k
.% 1.5-
S 1
© 1.0
)]
@
S 0.5
0.0-

\@oo‘\ ®

> o O O
3Z O 'bo,@ o
&

%
o§96

Zymosan (30 mg/ml)

Fig. 3. Effects of RG on visceral pain-related behavior. (A) Visceral pain-related behavior test and abdominal withdrawal reflex (AWR) scoring method. (B) Pain-related behavior
test results scored by visceral pain score via blind testing. Data are presented the means + SD values. (One-way ANOVA; #p<0.05 vs. Naive; *p<0.05, **p<0.01, ***p<0.001 vs.
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significantly increased in the control group [vs. naive group] and
significantly decreased in the RG-100 group [vs. control group]. The
plasma ACTH levels in the control group were similar to that in the
naive group, while levels in the RG-100 group were significantly
increased (Fig. 6G and H). These data suggested that RG treatment
can decrease the induced corticosterone levels and normalize the
HPA axis dysfunction in mice with PI-IBS induced by zymosan
treatment.

4. Discussion

In this study, we assessed the potential of RG as a new treatment
for IBS. The repeated colonic zymosan injections successfully
induced PI-IBS-like symptoms and pathophysiology in mice,
evident from the low-grade inflammation in the colon, diarrhea,

m

abdominal pain, and anxiety-like behaviors [13] as well as altered
gut microbiota [32]. Additionally, there were significant abnor-
malities in the levels of various biomarkers including ACTH and
corticosterone in the plasma, inflammatory cytokines such as TNF-
a.and IL-1f in the colon, and c-fos expression in the brain. However,
oral RG administration in zymosan-treated mice mostly prevented
the development of symptoms and restored pathophysiological
alterations to normal levels.

First, the body weight transiently decreased until peak inflam-
mation at day 4 post zymosan injection. However, the body weight
in RG-treated mice did not decrease, despite there being no dif-
ferences in the food intake. The colon length was significantly
decreased while the colon weight increased in IBS mice, along with
intestinal mucosal thickening and inflammatory cell infiltration. RG
treatment showed a marked improvement in the macroscopic
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Fig. 4. Effects of RG on anxiety-like behavior. Open field test results for different treatment groups showing the (A) total travel distance (cm) and (B) the number of transition
zones crossed. Elevated plus maze test results show the (C) total travel distance (cm), (D) number of entries into the center zone, (E) total time spent in open arms (seconds), and (F)
closed arms (seconds). Data are presented the means + SD values. (One-way ANOVA; #p<0.05, ##p<0.01 vs. Naive; *p<0.05, **p<0.01, ***p<0.001 vs. Cotrol). RG, red ginseng; AMT,
amitriptyline; SSZ, sulfasalzine
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score. Thus, RG seems to decrease the moisture content within the
stool, thereby decreasing the likelihood of diarrhea in the affected
mice.

Second, visceral pain and hypersensitivity are the main symp-
toms of IBS, whose pathophysiological mechanism is not well un-
derstood. RG treatment attenuated abdominal pain-related
behaviors, which could be a result of decreased visceral hyper-
sensitivity. TNF-o. and IL-1p activation in the gut wall is associated
with visceral pain in IBS [31,33—35]. Consistent with the previous
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report that RG suppresses IL-1f and NF-kB activation [36], RG
treatment in our study significantly inhibited IL-1p expression in
the colon. It also suppressed TNF-a expression, similar to that
observed in the group treated with the anti-inflammatory SSZ
compound.

An increase in the level of c-fos, a well-known biomarker for
neural activation, in CNS, is linked to visceral hypersensitivity [31],
especially with the paraventricular nucleus projecting to the pre-
frontal cortex (PFC) in rodents [37]. We observed increased c-fos
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Fig. 6. Effects of RG on various biomarkers involved in gut and brain responses. The mRNA levels of (A) IL-1p and (B) TNF-a in the colon were measured using RT-qPCR. (C-D)
PFC sections were stained with c-fos antibodies (green) and Hoechst (blue) and observed by confocal microscopy (scale bar: 50 um). The c-fos/Hoechst level was quantified using
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expression in the PFC of PI-IBS mice, while the RG groups showed
reduced expression. Taken together, we surmised that RG attenu-
ated visceral sensitivity by decreasing IL-18 in the colon and c-fos
levels within the brain.

Third, RG significantly controlled anxiety-like behaviors. Total
distance traveled in the OFT is a benchmark for normal behavior.
While IBS mice showed less travel distance, the RG-treated mice
displayed similar results as that displayed by the naive mice,
indicating that anxiety-induced behaviors were alleviated by RG
administration. The EPM test works under the principle that
healthier, normal mouse will remain in the center of the maze for as
long as possible and visit the center as often as it can. The more
anxious the mouse, the longer it will remain in the closed arms
section [38,39]. All RG treatment groups showed progressively
significant difference over the control group in terms of total dis-
tance, number of times the mice entered the maze center, as well as
duration of time spent in the closed arms section, similar or su-
perior to the mice treated with AMT, an anxiolytic medicine.

It is evident that plasma cortisol levels are elevated in not only
IBS but also in patients suffering from depression and anxiety. In a
healthy HPA axis, elevated levels of cortisol would indicate elevated
ACTH levels as well. However, prolonged stimulation of the HPA
axis could disable the feedback mechanism of ACTH and cortisol,
resulting in an extended period of downregulated ACTH levels [8].
This phenomenon not only provides proof that our PI-IBS model
shows comparable physiology to that of real IBS [8], but also sug-
gests that RG offers a possible restorative model for attenuating
HPA axis dysregulation. Plasma ACTH levels remained comparable
in both naive and control groups, but showed a marked increase in
the RG group. Finally, plasma corticosterone levels increased in the
control group, but decreased in the RG group.

Fourth, it is common knowledge that GI disorders alter gut
microbiota [38]. Zymosan-induced PI-IBS mice showed altered
microbiota at both the phylum and species levels. There was an
increase in the Firmicutes/Bacteroidetes ratio in the control mice
compared to that in the naive mice, indicating that the number of
Bacteroidetes decreased, which is in line with the intestinal barrier
break down and diarrhea in IBS patients [39,40]. At the genus level,
the control mice showed a decrease in levels of Bacteroides, and
Parabacteroides and an increase in Prevotella species. Overall, the
control group showed similar enteric microbiotic structure as that
observed in IBS physiology [41,42]. Bacteroides and Prevotella are
known to have an antagonistic relationship, so having one decrease
while the other increases further confirms the success of this IBS
model [43]. Despite not being significant, RG administration
seemed to show a consistent tendency to normalize enteric
microbiota. At the species level, three species significantly stood
out: L. johnsonii, L. reuteri, and P. goldsteinii. L. reuteri is probably one
of the most famous probiotic species, with known association to
alleviating pediatric diarrhea and abdominal pain [44—46].
L. reuteri was reported to reduce inflammatory cytokines and
strengthen the intestinal barrier [47]. In addition, oral administra-
tion of L. reuteri alleviated ampicillin-induced anxiety and colitis
[48]. L. johnsonii works similarly to L. reuteri as it has anti-
inflammatory effects and alleviates pediatric diarrhea and
abdominal pain by preventing pathogen proliferation [49,50]. It has
been reported that the amelioration of gastrointestinal inflamma-
tion by treatment with L. johnsonii, can alleviate anxiety [51].
Consumption of L. johnsonii also triggers mucin secretion that
strengthens the intestinal barrier [52]. Both L. johnsonii and
L. reuteri were not present in the naive group and increased only in
the RG-100 treatment group. This suggests that RG treatment in-
duces the proliferation of L. reuteri and L. johnsonii, which may be a
mechanism through which RG promotes anti-inflammatory action.
The absence of P. goldsteinii is commonly observed in patients with
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inflammatory bowel disease, while it is normally abundant in
healthy enteric microbiota [53]. In addition, P. goldsteinii treatment
increases the IL-10 expression level, and is thought to play a role in
intestinal barrier formation via the anti-inflammatory pathway
[54]. In contrast to L. johnsonii and L. reuteri, P. goldsteinii levels
were restored to that in the naive group by RG-100 treatment,
indicating that restoring normal, healthy enteric function is asso-
ciated with the presence of P. goldsteinii [55]. Thus, RG not only
promotes the proliferation of non-abundant species (such as
L. johnsonii & L. reuteri), but also restores the normally existing
species (such as P. goldsteinii) to control gut-brain responses in IBS.

In summary, our study provides the possibility that RG may be a
promising treatment for human IBS through its systematic action
on the gut, enteric microbiota, and brain.
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