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Siebold & Zucc. Induces Laxative Effects by Regulating
the Expression of Aquaporin 3 and Prostaglandin E, in Rats
with Loperamide-Induced Constipation
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ABSTRACT Previously, we demonstrated that extracts of the ripe fruit (rfPM) and unripe fruit (uPM) of Prunus mume
(Siebold) Siebold & Zucc. and citric acid have a laxative effect, which is at least partially mediated by the increase in fecal
parameters as seen in the low-fiber diet-induced constipation model rats. This study aims at investigating the laxative effects
of citric acid-enriched aqueous extracts of rPM, uPM, and its active compounds, such as citric acid and malic acid, on
loperamide-induced constipation rat models. Animal studies were conducted with loperamide-induced constipation animal
models. The results showed that tPM and citric acid, the major organic acid compounds, significantly improved stool
parameters (number, weight, and water content of the stools) generated in loperamide-induced constipation rats, without
adverse effects of diarrhea. The gastrointestinal (GI) motility was activated fully in the rPM- and citric acid-treated rats than in
rats treaded with loperamide alone. In addition, when rPM and citric acid were added to RAW?264.7 cells and used to treat
loperamide-induced constipation model rats, the secretion of prostaglandin E> (PGE,) increased significantly in cells and
tissue. Furthermore, rPM and citric acid decreased the expression of the aquaporin 3 (AQP3) in the rat colons. Our results
demonstrated that rPM and citric acid, the major organic acid compound in rPM, can effectively promote defecation frequency
and regulate PGE, secretion and AQP3 expression in the colon, providing scientific evidence to support the use of rPM as a
therapeutic application.
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INTRODUCTION

C ONSTIPATION IS DEFINED as a gastrointestinal (GI) dis-
order described by a difficult, irregular, or deficient
defecation.! Diagnosis of functional constipation is based on
the following Rome III criteria®: (I) there must be two or
more of the following occurrences >25% of the time:
straining, hard stools, sensation of incomplete evacuation,
sensation of anorectal obstruction/blockage, manual ma-
neuvers to facilitate evacuation, or fewer than three defe-
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cations/week; (I) loose stools are rarely present without the
use of laxatives; and (III) the criteria are insufficient for
irritable bowel syndrome. Generally, stool softeners, os-
motic agents, bulking agents, and stimulant laxatives are
used to treat constipation.® However, laxatives can cause
adverse cardiac effects and artery contraction.*™¢

The fruit of Prunus mume (Siebold) Siebold & Zucc. (P.
mume), also called Maesil, has been used traditionally to
treat intestinal disorders in Korea. The fruit of P. mume
ripens in early summer in Korea and is harvested at the
unripe stage (green fruit) (uPM). At the ripe stage (rPM), the
fruit of P. mume is soft and has a different color than
the unripe fruit (green vs. yellow). We previously proposed
the use of rPM as therapeutics for the contraction using low-
fiber diet-induced constipation model. In addition, citric
acid and malic acid in rfPM were shown to accelerate the
spontaneous contraction (both amplitude and frequency) of
isolated rat colons.”

Interestingly, we found that rPM and citric acid were
more effective for improving constipation than uPM and
malic acid were. However, few studies have evaluated the
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laxative effects of rPM, and the laxative effects of citric acid
are still largely unknown. In this study, the laxative effects
of rPM and citric acid were investigated in a rat model of
constipation, and the detailed mechanisms were explored. In
this study, the laxative effects of uPM, rPM, and the major
organic acid compounds were investigated in a loperamide-
induced constipation rats, and the mechanisms were explored.

Many studies have reported that constipation was suc-
cessfully induced by administration of loperamide.® Ac-
cording to previous study results, after administering
morphine to the animals, constipation was induced, and the
level of aquaporin 3 (AQP3) increased in the colon.” In
addition, bisacodyl decreases the levels of AQP3 in the in-
testine.'® Furthermore, bisacodyl increases the secretion of
prostaglandin E; (PGE,) in the colon.'® Hence, the aim of
this study was to confirm the preventive and therapeutic
effects of uPM and rPM in a loperamide-induced constipa-
tion rat model, and the possible mechanisms of uPM and
rPM in the rat colon.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified eagle medium (DMEM) (Lonza,
Basel, Switzerland) and fetal bovine serum (Invitrogen, Inc.,
Grand Island, NY, USA) were used for the cell culture.
All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Preparation of the extracts and high-performance
liquid chromatography analysis of extracts

To ensure the standardization of extracts and reproduc-
ibility of efficacy, unripe and ripe fruits of P. mume (Sie-
bold) Siebold & Zucc. harvested by selecting the region
(35°04'31.7"N, 127°42'59.3"E, Gwangyang City, Jeolla-
namdo, Korea) and season (June) were used in this study.
The seeds of the harvested P. mume were removed imme-
diately, and the pulp was cut into small pieces and then
freeze dried. The freeze-dried fruits of P. mume were ex-
tracted with 30 volumes of water at 100°C for 4 h three times
and powdered by freeze drying.

Usually, 72.2 and 70.7 g of dried extracts were obtained
from 100 g of dried unripe and ripe fruits of P. mume, re-
spectively. These steps resulted in the sample labeled uPM
and rPM, and the samples were stored at —20°C to avoid
compound degradation before use in the experiment. The
amounts of citric acid and malic acid in uPM and rPM were
analyzed by high-performance liquid chromatography
(HPLC), and compared with the standard preparations of
citric acid and malic acid prepared according to our previ-
ously reported standard method.”

Cell culture and PGE> content measurement

Murine macrophage RAW?264.7 cells were purchased
from Korea Cell Line Bank (KCLB 40071; Seoul, Korea)
and were grown in DMEM at 37°C in a humidified atmo-

sphere under 5% CO,. The cells were incubated with sam-
ples for 30 min. The PGE, extraction and analysis were
performed using an enzyme immunoassay (EIA) kit
(Cayman, Ann Arbor, MI, USA) according to the manu-
facturer’s instructions.

Animals

One hundred eighty to 200 g Sprague—Dawley rats were
provided by Central Lab Animal, Inc. (Seoul, Korea). The
experiment was conducted according to the international
guidelines.'! In this study, seven animals per group were
employed to minimize the number of animals used. All
experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of B&Tech Co.,
Ltd., Korea (Approval number: BT-007-2020, July 9, 2020).

Induction of the loperamide-induced constipation
and treatment

In this study, we have applied two experiments to validate
the ability of uPM and rPM to prevent and alleviate con-
stipation (Fig. 1A, B). The experimental groups (n=7/
group) were designed as a control (CTL) group (consumed a
regular diet; Purina, Inc., Korea) and a constipation group in
which constipation was induced by loperamide.'?~'° To test
the ability of uPM and rPM (100 and 200 mg/kg) to prevent
constipation, the samples were administered uPM and rPM
for 3 days before administering loperamide. After pretreat-
ment with uPM and rPM for 3 days, uPM and rPM were
administered once daily during the loperamide administra-
tion period. uPM and rPM (100 and 200 mg/kg) were dis-
solved in saline and administered orally 1h after oral
administration of 5 mg/kg of loperamide, daily for 12 days.

To test the therapeutic effects of uPM and rPM (100 and
200 mg/kg) or bisacodyl (0.25mg/kg), the samples were
treated 5 days after loperamide administration. Constipation
was induced in rats through the oral administration of 5 mg/kg
of loperamide, once a day for 10 continuous days at 1 h before
administration of uPM and rPM. The positive control (PCTL)
group was orally administered with bisacodyl dissolved in
saline once a day during the experiment. When the experi-
mental period was complete, animals were anesthetized with
2.5 mL/kg pentobarbital (i.p.), followed by decapitation.

Measurement of stool parameters

The age (weeks), body weight (g), daily food intake (g),
daily water intake (mL), and mass of feces (g) were recorded
daily at 9:00 am. The number of feces and total weight of the
feces were assessed for each rat during day 1. The stool
water content (%) is calculated as follows: Stool water
content (%) = [(feces weight before dried—feces weight after
dried)/feces weight before dried] x 100.

GI motility test

The charcoal meal excretion test was performed on the
last day of the experiment to assess GI motility. Each rat was
fed 1 mL of charcoal meal (3% activated charcoal, 0.5%
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FIG. 1. The scheme of the Prunus mume laxative experiment. The laxative effect of P. mume was assessed. The extracts (100 and 200 mg/kg)
and physiological saline solution were administered once a day during the experiment. (A) The prevention of constipation by pretreatment with
P. mume 3 days before constipation induced by the loperamide. (B) The therapeutic effect of constipation by post-treatment with P. mume. After 5
days of loperamide administration, three different doses of P. mume and bisacodyl (0.25 mg/kg), as a PCTL, were administered. PCTL, positive

control.

aqueous methylcellulose) as previously described.” In brief,
charcoal meal was orally treated 1h after sample adminis-
tration, and the number of black stools in each rat was
measured at 2 h intervals for a total of 24 h.

Measurement of the PGE> level in colons

PGE, extraction and analysis in the rat colon were per-
formed using a PGE; assay kit (Cayman, USA). In brief, the
rat colon was snap-frozen in liquid nitrogen. Frozen tissue
was pulverized to fine powder under dry ice to extract PGE..
The frozen tissue powder (200mg) was homogenized in
1 mL of phosphate-buffered saline (PBS) (containing 1 mM
EDTA; pH 7.4) on ice using an ultrasonic processor. After
complete lysis of samples, the supernatant was measured
according to manufacturer’s instructions.

Protein extraction and immunoblot assays

The rat colon tissues were removed and immediately
soaked in ice-cold PBS. The rat colon was snap-frozen in
liquid nitrogen. Frozen tissue was pulverized to fine powder
under dry ice to extract protein. The frozen tissue powder
(100 mg) was homogenized in 1 mL of RIPA buffer on ice.
Anti-AQP3 (1:100, ab153694) and anti-f-actin (1:3000,
ab8226) antibodies and secondary antibodies (1:10,000)
were obtained from Abcam (Cambridge, UK). Im-
munoreactive protein bands were visualized using a Che-
miDoc XRS+ System (Bio-Rad).

Immunohistochemistry and mucin staining

The 5 um-thick rat colon tissue slices (paraffin embedded)
were deparaffinized with xylene and rehydrated with graded

ethanol. The slices were then immunostained with the pri-
mary antibody anti-AQP3 (1:30, ab153694; Abcam) and
biotinylated secondary antibody (goat antirabbit IgG H&L,
ab207995; Abcam). Mucin staining was performed using
the Alcian blue stain kit (Abcam) according to the manu-
facturer’s protocol. The 5 um-thick rat colon tissue slices
were stained with an Alcian blue solution (pH 2.5). Digital
images were acquired by an optical microscope (Olympus,
Tokyo, Japan) and software (MetaMorph 6.1 software;
Universal Imaging Corp., Dowingtown, PA, USA).

Statistical analysis

Results are presented as the mean and standard deviation
from three independent experiments. Data were analyzed by
Student’s t-test or two-way analysis of variance with
GraphPad Prism version 8.0.0 for Windows (GraphPad,
Inc., San Diego, CA, USA) software programs. Differences
at the P <.05 level were considered statistically significant.

RESULTS

Identification of malic acid and citric acid in extracts
of uPM and rPM

The yields of uPM and rPM after extraction were
72.2 g/100 g and 70.7 g/100 g, respectively. Characterization
and identification of natural compounds in P. mume were
determined by HPLC. As shown in Figure 2, the identified
organic acids were malic acid and citric acid from rPM and
uPM. The malic acid concentrations in uPM and rPM were
153.14£1.31 and 40.30 +2.03 mg/g, respectively. The citric
acid contents of uPM and rPM were 380.83+10.51 and
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FIG. 2. HPLC-DAD chromatograms of the major components of standards (A), unripe fruit of P. mume (uPM) extract (B), and ripe fruit of

P. mume (rPM) extract (C). The peaks with retention times of 3.8 and
and citric acid were identified at a wavelength of 214 nm. The data
chromatography with diode-array detection; SD, standard deviation.

543.68 £ 13.89 mg/g, respectively. Compared with citric and
malic acid, the other organic acid compounds, such as oxalic
acid, fumaric acid, and succinic acid, were present at lower
concentrations in uPM and rPM (data not shown).

Effect of P. mume administration on feeding behavior
in rats with loperamide-induced constipation

To evaluate the effect of P. mume on feeding behavior of
constipated rats, we monitored the feeding behaviors of rats
with loperamide-induced constipation. The body weight,
food intake, and water consumption did not differ signifi-
cantly between the CTL and the loperamide-induced
constipation group during the experiment (Table 1). Fur-
thermore, no significant increase in stool parameters was
detected at any of the tested doses of uPM and rPM. Similar
results were obtained for the body weights of all groups both

4.2 min were assigned to malic acid and citric acid, respectively. Malic acid
are represented as the means+ SDs. HPLC-DAD, high-performance liquid

before and after constipation was induced. Taken together,
these results show that loperamide and P. mume adminis-
tration did not induce alterations in feeding behavior.

Preventive effects of P. mume pretreatment
on loperamide-induced constipation

The preventive effects of P. mume pretreatment 3 days
before loperamide administration were evaluated. The re-
sults showing the preventive effects of P. mume on con-
stipation are shown in Figure 3. Compared with those of the
CTL diet, administration of loperamide (12 days) caused a
significant decrease in the number (P<.01), weight
(P <.001), and moisture content (P <.001) of stools. The 100
and 200 mg/kg uPM-treated groups showed significant in-
creases (P<.01 and P<.01, respectively) in the number of
stools compared with that of the loperamide group at 12 days
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TABLE 1. MEASUREMENTS OF THE BoDY WEIGHT, FEED INTAKE, AND WATER INTAKE IN SPRAGUE-DAWLEY RATS WITH LOPERAMIDE-INDUCED CONSTIPATION

Pretreated groups (12 day)

rPM 200

rPM 100

uPM 200

uPM 100

Malic acid

Citric acid

Post-treated groups (10 day)

PCTL group

Loperamide group

Normal diet group

Malic acid rPM 100 rPM 200 uPM 100 uPM 200

280.80+23.40 299.60t12.97 289.20+22.53 288.00£22.51 286.40+t6.35 287.60%+7.89

Citric acid

(10 day)
279.00+15.17

(12 day)
287.80+17.11

(12 day)
204.00+7.84

Body weight

278.00+7.87 294.60+£15.73 283.40%£19.78 296.20+11.26 273.17+£21.37 295.20%+13.03

24.831+9.34
20.30£5.50
28.80£5.40

28.00+£10.37 30.20+9.37

25.14£7.19
24.97+4.90
29.60+4.62

23.18+6.28
24.06+4.67
26.80+1.92

22.11+8.43
21.07£3.39
30.40£2.61

24.17+£7.46
23.76£6.91

22.73+8.99
22.55+6.01

23.99+8.97

24.06+£4.96

21.9+4.31

Feed intake (g)

27.80+£2.17

27.60+£6.73

29.40+5.13 30.40£5.90 28.20+4.15

Water intake

30.00£9.35 27.60+3.21  32.20+£6.91

30.80+7.01

(mL)

Seven rats per group were used for all assessments, and each parameter was assayed in triplicate in each test. The data are reported as the mean+ SD.

SD, standard deviation.
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(Fig. 3A). The 100 and 200 mg/kg uPM-treated rats showed
significant increases (P <.01 and P < .01, respectively) in the
weight of stools compared with that of the loperamide group
at days 12 (Fig. 3B).

Interestingly, the 100 and 200 mg/kg rPM-treated rats
showed significant increases in the number (P<.001 and
P <.001, respectively) and weight (P<.01 and P<.001,
respectively) of stools compared with that of the loperamide
group at 12 days. Moreover, the 100 and 200 mg/kg rPM-
treated rats showed a significant increase (P<.001 and
P<.001, respectively) in the water content of stools,
whereas the 100 mg/kg uPM-treated rats did not show any
significant changes compared with that of the loperamide
group at 12 days (Fig. 3C).

Furthermore, the malic acid-treated groups showed sig-
nificant increases in the number (P <.01), weight (P <.05),
and water content (P <.05) of stools compared with that of the
loperamide group at 12 days. In addition, after the induction of
constipation (Day 12), the stool parameters in the citric acid
groups were similar to those in the CTL (all P<.001), in
which constipation was not induced. Furthermore, rPM and
citric acid did not cause diarrhea in the present experiments
(data not shown). These results clearly show that pretreatment
with rPM and citric acid can prevent constipation.

The laxative effect of P. mume on rats
with loperamide-induced constipation

To examine the laxative effect of P. mume on the stool
parameters in rats, rats were treated with P. mume (100 and
200 mg/kg) once daily for 10 days. As shown in Figure 4, the
number (P<.001), weight (P<.001), and water content
(P<.001) of stools were decreased after constipation in-
duction (Day 10) in all groups. While the loperamide-treated
group showed significant decreases in the stool parameters,
rats administered 100 and 200 mg/kg rPM showed signifi-
cant increases in the stool number (all P <.001), weight (all
P <.001), and water content (all P <.001) starting at 10 days
after initiating rPM administration.

Furthermore, the oral administration of citric acid for 10
days significantly increased the stool parameters to
10.16+4.33 g (P<.001, number), 1.28+0.06g (P<.01,
weight), and 15.26% *+8.63% (P <.001, water content) at
50 mg/kg. However, the malic acid-treated groups showed
no significant increases (P>.05) in the weight of stools
compared with that of the loperamide group at 10 days
(Fig. 4B). The 100 mg/kg uPM-treated rats also showed no
significant increases (P >.05) in the water content of stools
compared with that of the loperamide group. Bisacodyl was
used as the PCTL, and the bisacodyl-treated group showed
significant increases in the number (P<.001), weight
(P<.001), and water content (P <.001) of stools compared
with that of the loperamide group at 10 days.

The effect of P. mume on charcoal meal GI motility
in rats with loperamide-induced constipation

To evaluate the effects of P. mume on the GI tract, we
monitored GI motility in the rats. Changes in GI motility by
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FIG. 3. The preventive effects of P. mume on loperamide-induced constipation. At 12 days, the total number (A), weight (B), and water content
(C) of stools were measured as described in the materials and methods. The stool water content was calculated using the fresh and dry weights of
stools. The stools were collected from seven rats per group, and each parameter was assayed in triplicate. Each bar represents the mean + SD for
seven rats. **Significant difference at P<.001 compared with that of the CTL group. *Significant difference at P<.05, ** at P<.01 and *** at
P <.001 compared with that of the loperamide-induced constipation. CTL, control.

P. mume treatment are shown in Table 2 (preventative ef-
fects; pretreatment protocol) and Table 3 (therapeutic ef-
fects; post-treatment protocol). The time required for the
excretion of charcoal meal containing stools in the loper-
amide group (10-24 h) was 4-6h later than that in the CTL
(6-20h); the number of feces was decreased in the loper-
amide group compared with the CTL. Table 2 presents the
results of the preventative test; the 200 mg/kg uPM-treated
rats excreted more feces than those of the loperamide group
at 8-10h, and the 100 and 200 mg/kg rPM-treated rats
showed more rapid fecal excretion than those of the loper-
amide group.

The 50 mg/kg malic acid-treated rats excreted more feces
than those of the loperamide group at 10-14h, and the
50 mg/kg citric acid-treated group showed more rapid fecal
excretion (6—8h) than those of the loperamide group. In

addition, a similar result was shown in the therapeutic test
(Table 3) on GI motility. Taken together, these results
demonstrate that rPM and citric acid treatment can enhance
GI motility in the loperamide-induced constipation rat.

The effects of P. mume on the PGE> concentration
in RAW264.7 cells

The PGE, concentrations in the culture medium 30 min
after adding bisacodyl (10 ug/mL) to RAW264.7 cells were
significantly increased (P <.001) compared with those of the
CTL (Fig. 5A, insert). Similarly, compared with the control
condition, the addition of uPM (ECsqy value: 22.28+
0.87 ug/mL) and rPM (ECso value: 9.65+0.45 ug/mL)
caused a significant and dose-dependent increase in the PGE,
concentrations in the culture medium (Fig. SA).



A -
£ 1]
ek
l wkk k& o
; T 1
£41 i I
S
(-]
z
=
E
= .
220
> S &8
& &\t& ST T NP (H
& & S S
QQQ Q,\ L L
%

Post-treatment

(@)
$

s

Fecal moisture (%)

—
T

=

g

g

1

Weight of feces (g)

8
e *hEk
Er e *ddk
61 _-I__ ns #*#
. T
il
4
24
D D D D
& Q\vé\\:\.\p %\\Z\w&
F&F &S

Post-freatment

L

Post-treatment
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TABLE 2. THE PREVENTIVE EFFECTS OF PRUNUS MUME ON GASTROINTESTINAL MOTILITY IN RATS

Mean number of charcoal-containing stools/2h (n=7)

Time (hours) 0-2 24 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24
CTL — — — 0.8 1.0 5.6 4.0 7.6 2.0 1.2 — —
Loperamide —1 — — — — 0.6 0.8 3.6 6.0 3.0 1.7 1.5
Bisacodyl — — — 0.6 1.4 0.8 22 1.4 6.6 3.8 3.0 6.4
CA — — — 0.4 1.0 0.4 0.2 3.0 3.0 3.6 32 —
MA — — — — — 1.2 24 6.8 6.0 3.6 5.8 3.1
rPM 100 — — — — 0.9 4.0 5.6 6.5 3.0 35 3.0 —
rPM 200 — — — 0.4 1.2 34 3.6 3.0 4.2 3.6 — —
uPM 100 — — — — — 0.6 0.6 6.2 3.6 3.6 4.8 3.0
uPM 200 — — — — 04 — 24 6.6 4.8 3.8 4.6 3.0

18
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TABLE 3. THE THERAPEUTIC EFFECTS OF P. MUME ON GASTROINTESTINAL MOTILITY IN RATS

Mean number of charcoal-containing stools/2h (n=7)

Time (hours) 0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24

CTL — — — 1.0 1.2 4.8 52 6.6 1.5 1.0 — —
Loperamide — — — — — 0.4 0.8 1.6 5.8 34 2.6 1.2
PCTL — — — 0.6 1.2 1.6 2.8 24 4.6 2.8 2.2 —
CA — — — 0.2 1.2 3.5 42 3.0 4.2 2.6 22 —
MA — — — — — 1.0 22 6.5 3.6 1.7 0.8 1.0
rPM 100 — — — — 1.6 3.8 5.0 7.2 3.0 3.8 32 —
rPM 200 — — — 0.4 3.0 4.0 4.5 32 5.6 3.8 — —
uPM 100 — — — — — 0.5 0.2 5.7 4.7 35 42 3.0
uPM 200 — — — — 0.4 1.6 34 3.8 44 3.6 4.6 2.0

PCTL, positive control.

In addition, the efficiency of rPM in stimulating PGE, Effects of P. mume on the protein expression levels
secretion was much higher than that of uPM (P <.05). Si- of AQP3 in the colon
milarly, the respective ECsy values were also significantly
different among the malic acid (ECso value: 2.99 +0.04 uM)
and citric acid (ECsp value: 0.79+0.02 uM) and dose-
dependent increase in the PGE, concentrations in the culture
medium (Fig. 5B). In addition, the efficiency of citric acid in
stimulating PGE; secretion was much higher (P <.001) than
that of malic acid.

As shown in Figure 7A and B, compared with that of the
CTL, loperamide increased the protein level of AQP3,
whereas bisacodyl, citric acid, and 200 mg/kg rPM signifi-
cantly decreased (all P<.001) it from 2.39+0.34 to
0.47£0.33, 0.68£0.45, and 0.49+0.27, respectively. Using
immunohistochemistry, we observed changes in AQP3 levels
after treatment with citric acid and rPM in the colon of the rat
model of loperamide-induced constipation (Fig. 7C). Com-
pared with CTL, the expression of AQP3 was increased in the
mucosal epithelial cells of the loperamide-induced con-
stipation model. On the contrary, treatment with bisacodyl,

As shown in Figure 6, the PGE> concentrations in the citric acid, and 200 mg/kg rPM attenuated this phenomenon.
rat colon were decreased after the induction of constipa-
tion with loperamide. The PGE, concentrations were sig-
nificantly increased (P<.05 and P<.0l, respectively) in
the rPM groups pretreated with 100 and 200 mg/kg com-

The effects of P. mume on the PGE>
concentration in the colons of rats
with loperamide-induced constipation

Effects of P. mume administration on the regulation
of mucin secretion in the colon

pared with that of the NCTL (Fig. 6A). The level of PGE, As shown in Figure 7C, we found that regions secreting
in the colon was significantly increased (P<.05 and mucin were concentrated in the crypts of the mucosal layer
P < .01, respectively) in the groups post-treated with rPM of the colon in the CTL. Conversely, lower levels of mucin
(100 and 200mg/kg) compared with that of the NCTL were observed in the loperamide-treated rats. However, the
(Fig. 6B). secretion levels of mucin increased in citric acid- and rPM-
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FIG. 5. Changes in PGE; levels in RAW?264.7 cells. Thirty minutes after the addition of P. mume (A) and organic acid (B), the supernatant was
collected, and the concentrations of PGE, were measured by using EIA. RAW264.7 cells were treated with bisacodyl (10 ug/mL) and recovered
30 min later (A; insert). Each data point represents the mean+ SD of six experiments. *Significant difference at P <.05, ** at P<.01, and *** at
P<.001 compared with that of the CTL group. * # ##indicate P<.05, P<.01, and P<.001, respectively, compared with the malic acid treated
group. NS, not significant; EIA, enzyme immunoassay; PGE,, prostaglandin E,.
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FIG. 6. Changes in the PGE; levels in the colon caused by loperamide administration to rats pretreated with samples (A) and post-treated with
samples (B). The concentrations of PGE, were measured by using EIA. Each bar represents the mean = SD for seven mice. #Significant difference
at # at P<.01 compared with the CTL group. *Significant difference at P<.05 and ** at P<.01 compared with that of the loperamide-induced

constipation group.

treated rats. Furthermore, we detected a similar result in the
secretion level of mucin in the bisacodyl-treated rats. These
results indicate that the secretion of mucin in the colon was
increased by citric acid and rPM similarly to bisacodyl.

DISCUSSION

Medicinal plants have received increased attention
as new therapeutics for the treatment of constipation.®
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Thus, in this work, the preventive effects and therapeutic
laxative effects of P. mume were evaluated in loperamide-
induced constipation model rats. The results clearly
demonstrated that P. mume has laxative effects, including
stool parameters, GI mobility, secretion of PGE, and
mucin, and expression of AQP3 protein. Our results are
the first to study that the laxative effects of P. mume are
strongly related to the promotion of defecation and colon
contraction.

Post-treatment

Sk .7

R .

4
AQP3 =&

S o

L] 5 14 ’l‘ ik ’l‘ o
B-actin C\\’ & &y S S8

& & DT S
& g &S
\IQ

loperamide

bisacodyl

Mucin

FIG.7. Detection of AQP3 and mucin levels in the colon. (A) Effects of P. mume on AQP3 expression in the colon as assessed by Western blot
analysis. (B) Each value was normalized to f-actin and expressed as the mean £ SD. (C) Immunohistochemical localization of the AQP3 protein in
the rat colon, and images were obtained at 4 X magnification. Mucin secreted from the crypt layer cells was stained with Alcian blue, and images
were obtained at 10X magnification. The scale bar indicates 50 um for AQP3 immunostaining and 10 um for Alcian blue staining. Each bar
represents the mean+SD (n=8). *Significant difference at P<.05 and *** at P<.001 compared with the baseline (CTL). AQP3, aquaporin 3.
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The quantitative assessment of natural compounds is
helpful for the proper standardization of natural products
due to their various pharmacological effects and potential
variation. HPLC fingerprints are useful for qualitative and
quantitative analyses of natural product formulations. The
HPLC chromatograms shown in Figure 2 show the chro-
matographic fingerprint of P. mume as well the isolation of
citric acid and malic acid, from P. mume. Interestingly, as
the P. mume ripened, the content of citric acid increased, and
conversely, the content of malic acid decreased. This sug-
gests that there may be differences in the physiological ac-
tivities of rPM and uPM depending on the maturation stage.

In our previous study, we reported that rPM has a superior
effect on alleviating constipation to uPM using a low-fiber
diet-induced animal model.” It was also reported that citric
acid promotes peristalsis of the colon, which is superior to
malic acid. Therefore, in this study, the effect and mecha-
nism of constipation in animal models using other chemical
compounds, such as loperamide, were investigated.

We present herein four principal findings regarding
P. mume through cellular and animal studies aimed at ex-
plaining the laxative effect of P. mume on loperamide-
induced constipation model rats. First, we found that stool
parameters were increased in the P. mume-treated rats
compared with the loperamide-treated rats. An effective
laxative should increase the frequency of defecation, reduce
stool retention in the colon lumen, and increase the water
content of the stool.”!” Our results showed that fecal ex-
cretion (fecal number, weight, and water content) was sig-
nificantly increased by the administration of P. mume
(Figs. 3 and 4).

Furthermore, after administration of P. mume, a signifi-
cant increase in GI motility was observed, consistent with
the bisacodyl treatment (PCTL), which induced similar in-
hibitory effects on the loperamide-induced decreases in GI
motility (Tables 2 and 3). Taken together, this study dem-
onstrated that P. mume prevented and also alleviated con-
stipation in a rat model of loperamide-induced constipation.
Loperamide is commonly used to produce constipation in
animals.'®?! Many studies have reported that constipation
was successfully induced by administration of 1.5-3 mg/kg
loperamide for 3-7 days.!?"'¢ In this study, we used loper-
amide to induce constipation and observed the constipation
in animal models administered with 3 mg/kg loperamide
that did not have any other specific problems.

Second, as a result of verifying the laxative effect ac-
cording to the ripening stage of P. mume, a higher effect was
found in the mature rPM than in the immature uPM. In
addition, when the laxative effects of citric acid and malic
acid were compared, superior effects were found in rats
treated with citric acid. Interestingly, when the organic acid
content of rPM and uPM was quantified by HPLC, the
amount of citric acid in TPM increased and the content of
malic acid decreased as the ripening stage progressed.

Taken together, the reason rPM has a superior laxative
effect to uPM is that citric acid is the main active compound
that alleviates constipation, suggesting that the citric acid
content increases as the P. mume matures. In our previous

study using an animal model of constipation treated with a
low-fiber diet, rPM showed a superior laxative effect to that
of uPM.” In this study, citric acid showed a laxative effect
superior to that of malic acid in a low-fiber diet-
administered constipated animal model. We verified the
laxative effect of rPM for the first time through these stud-
ies, and the results suggest that citric acid is an effective
candidate compound that can be used to prevent and alle-
viate constipation.

Third, we observed that rPM and citric acid have similar
mechanisms to that of bisacodyl. According to the results of
the previous study, after morphine was administered to the
animals, constipation was induced, and the expression of
AQP3 increased in the intestine, which enhanced water
transport.” However, the AQP3 in the intestine was in-
creased due to the administration of morphine, but the ex-
pression of AQP3 decreased with the administration of
bisacodyl, thereby reducing water transfer.?> Furthermore,
bisacodyl directly activates macrophages and increases the
production of PGE..!° Therefore, the oral administration of
bisacodyl to rats increased the stool water content.'?3

Our results also demonstrated significant increases in
stool parameters after the administration of bisacodyl in rat
models of loperamide-induced constipation (Figs. 3 and 4).
In addition, we confirmed through in vitro and in vivo
studies that PGE, levels were increased by rPM and citric
acid treatment. PGE; has also been implicated in several GI
pathologies.?*~2® Furthermore, when macrophages are acti-
vated, the production of PGE2 increases.?”-*® Therefore, the
effect of rPM and citric acid on the activation of macro-
phages was examined using RAW264.7 cells (Fig. 5).

The concentrations of PGE, after the treatment of rPM
and citric acid to RAW264.7 cells were dose-dependently
increased. The effect of increasing PGE, secretion by rPM
and citric acid treatment demonstrated in RAW264.7 cells
was also verified in loperamide-induced constipation model
(Fig. 6). Taken together, these results indicate that the ex-
pression of AQP3 was reduced by treatment with rPM and
citric acid, and the secretion of PGE, was promoted to in-
crease the amount of water in the feces. Although the exact
mechanisms of the correlation between the decreased ex-
pression of AQP3 and the secretion of PGE, are not yet
known, it is possible that these results involve endocytosis
or the degradation of AQP3.%°

Finally, we observed that the secretion of mucin was
significantly increased in the constipation rat model when
the colons were treated with rPM and citric acid. The de-
crease in mucin secretion by loperamide treatment is well
known through many studies, and it is particularly known to
be caused by the decrease in the number of mucus-
producing cells.®3%-33 In this study, it was confirmed that the
secretion of mucin was decreased in the intestine of the
constipation model rats treated with loperamide. However,
in the group administered rPM and citric acid, the decreased
amount of mucin secretion increased.

In the group administered bisacodyl, the same result of
increased mucin secretion was observed. The gel-forming
mucins synthesized by the goblet cells were present in larger
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quantities in the crypt than in the colon.>**> Among the gel-
forming mucins, mucin 2 (Muc?2) is the best characterized
mucin of the intestine.***® The process of synthesizing
Muc? is very complex.>*37-3 Therefore, further research is
needed to elucidate the cause of the increased Muc2 secre-
tion by treatment with citric acid and rPM.

Since the cytotoxicity of rPM is one factor involved in
intestinal inflammation or epithelial cell response, cytotox-
icity has been reported in various cells by many researchers.
They demonstrated noncytotoxicity in the range of up to
380 ug/mL of P. mume in a variety of cells.>*~*! Moreover, in
a study evaluating the cytotoxicity of citric acid in vari-
ous cells, cytotoxicity was not observed as a result of treat-
ment up to a concentration of 60%.*** Although this
experiment did not study cytotoxicity, no cytotoxicity is ex-
pected according to the results of these previous reports. In
addition, we plan to study the cytotoxicity of PMs by isolating
intestinal immune cells and epithelial cells in the next study.

Although the clinical application of the findings obtained
in loperamide-induced animal models has some limitations,
it is widely used in the development and evaluation of novel
laxatives.***> Therefore, it is necessary to develop a new
constipation model through the study of diversification of
the phenotype of constipation through genetic or chemical-
induced constipation models, and to conduct pharmacolog-
ical evaluations using these constipation animal models.

The results of our study have proven through animal
experiments that rPM, especially citric acid, is effective for
improving the symptoms of constipation. Therefore, for the
first time, our results provide evidence for ameliorating and
preventing symptoms of constipation by rPM in an animal
model of loperamide-induced constipation. The results jus-
tify the use of rPM as a laxative in natural herbal product. In
conclusion, these results scientifically support the use of
P. mume as a natural product-derived laxative without
causing diarrhea and tolerance.

In conclusion, these findings scientifically support the
value of citric acid-enriched rPM as a therapeutic laxative
without causing diarrhea and tolerance.
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