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The cortex of Magnolia officinalis has long been used as an element of traditional Chinese medicine for the
treatment of anxiety, chronic bronchitis, and gastrointestinal dysfunction. This study aimed to elucidate the
underlying mechanism of its functional ingredients (magnolol and honokiol) in modifying the secretion and
absorption homeostasis and protecting mucosal integrity in an Enterotoxigenic Escherichia coli (ETEC)-induced
diarrhea mouse model.

This study established a diarrhea mouse model infected by ETEC at a dosage of 0.02 ml/g live body weight
(BW) in vivo. Magnolol or honokiol was followed by an intraperitoneal administration at dosages of 100, 300,
and 500 mg/kg BW according to a 3x3 factorial arrangement. The useful biomarkers for evaluating the integrity
of intestinal tract and histologic injury were analyzed and morphological development (including villus height,
crypt depth, and ratio of villus height to crypt depth) and the expressions of inflammatory cytokines were de-
termined by real-time PCR.

The results showed that magnolol and honokiol (500 mg/kg BW) reduced the concentrations of NO, DAO, and
DLA, and iNOS activity, and the mRNA expressions of the interferon gamma (IFN-y) and interleukin 10 (IL-10),
and inhibited intestinal epithelial cell apoptosis. Magnolol and honokiol (300 mg/kg BW) elongated the villus
height and crypt depth and decreased the number of goblet cells and the ratio of villus height to crypt depth.
The current results indicate that magnolol and honokiol enhance the intestinal anti-inflammatory capacities,
elongate the villus height and crypt depth, and reduce goblet cell numbers to inhibit the intestinal epithelium
apoptosis and effectively protect the intestinal mucosa. These results show that magnolol and honokiol pro-
tect the intestinal mucosal integrity and regulate gastrointestinal dysfunction.

Apoptosis ¢ Enterotoxigenic Escherichia coli ¢ Intestinal Mucosa ¢ Magnolia
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Background

Enterotoxigenic Escherichia coli (ETEC) is an enteric pathogen
that easily causes secretory diarrhea and death in animals and
humans due to the activities of enterotoxins [1]. The enteric
pathogen often induces programmed cell death or apoptosis
in host cells and tissues to promote their survival and dissem-
ination during infection [2, 3]. A prior study reported that ETEC
infection rapidly induced the loss of plasma membrane asym-
metry of porcine intestinal epithelial cells and reduced the cell
metabolic activity via activating caspase 3, and camptothecin-
induced apoptosis in the epithelial cells promoted subsequent
ETEC adherence [2]. Other studies have proven that enterotox-
in can alter the intestinal tight junction and permeability [4],
causing break-down of the cytoskeleton [5], resulting in severe
villus atrophy and crypt hypoplasia inside the enterocytes [6].
The villus atrophy and crypt hypertrophy adversely alter the
balance between absorptive and secretory cells, and the in-
flammatory response generates secretion-stimulating inflam-
matory mediators that worsen diarrhea, further inducing the
apoptotic program that accompanies diseases such as gastri-
tis, colitis, and cancer [7].

Magnolia officinalis cortex (MOC) is a traditional Chinese med-
icine for symptomatic treatment of gastrointestinal disorders.
Magnolol and honokiol are the main bioactive compounds iso-
lated from MOC, with a number of diverse pharmacological
functions, including antioxidation [8], anti-bacteria [9], anti-
proliferation [10], and anti-gastritic effects [11]. Magnolol and
honokiol may regulate the serotonergic and gastroenteric sys-
tems [12]. In addition, it has been demonstrated that magnolol
differentially regulates spontaneous gastrointestinal motility ac-
cording to activation of the acetylcholine and 5-hydroxytrypta-
mine receptors in the gastrointestinal tract [13]. O our previous
work shows that magnolol and honokiol regulate the calcium-
activated potassium channels to elevate the serum concentra-
tions of CI~ and K*, which are mostly associated with attenua-
tion of secretion and promotion of absorption in enterocytes
of the small intestine to control diarrhea [14]. The intestinal
development responds to digestion and absorption of various
nutrients through the intestinal villus and crypt [15]. Therefore,
we hypothesized that magnolol and honokiol play an impor-
tant role in regulating gastroenterology disorders linked with
the morphological structure of villus and crypt in intestinal
mucosa of ETEC-induced diarrhea mice.

Material and Methods

Animals and experimental design

This study was carried out in strict accordance with the rec-
ommendations in the Animal Care and the Use Guidelines of
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the Institute of Subtropical Agriculture (ISA) of the Chinese
Academy of Sciences. The protocol was approved by the Animal
Care Committee on the Ethics of Animal Experiments of ISA
(Permit Number: SYXK2015-0189).

The Chinese Kunming mouse strain (Mus musculus Km, KM),
an outbreed mouse strain originating from the Swiss albino
mouse, is widely used in pharmacology and genetics studies
throughout China. It exhibits many advantages such as high
disease resistance, large and frequent litters, and rapid growth
rates. Our pre-experimental results show these mice are easily
infected by ETEC, so we selected the Chinese Kunming mouse
strain as a model mouse. We obtained 120 male Kunming
mice 7 weeks old and weighing 25-27 g from the Hunan SLAC
Laboratory Animal Company (Changsha, China). The animals
were housed individually in a pathogen-free mouse colony
(room temperature=2242°C; relative humidity=45-60%, light-
ing cycle=12 h light and 12 h dark) with free access to food
and water. A diarrhea mouse model was established accord-
ing to previously described procedures [14]. Briefly, the mice
were fasted for 6 h after feeding 3 days for acclimation, then
randomly assigned into 12 groups: (1) normal control group
(NC), (2) diarrhea model control group (MC), (3) positive drug
control group (PC), (4) plant extract group 1, (5) plant extract
group 2, (6) plant extract group 3, (7) plant extract group 4,
(8) plant extract group 5, (9) plant extract group 6, (10) plant
extract group 7, (11) plant extract group 8, and (12) plant ex-
tract group 9; details are shown in Table 1. In MC, PC, and 9
plant extract-treated groups, mice received oral administration
of 0.02 ml/g body weight (BW) of the prepared ETEC suspen-
sions (3.29x10° CFU/ml). NC mice were administrated 0.02 ml/g
BW sterile water. Three hours later, the diarrhea model was es-
tablished according to previously described procedures [14].
After that, the NC and MC mice were administrated 500 mg/kg
BW sterile water. The PC mice were orally gavaged with loper-
amide hydrochloride at a dosage of 3 mg/kg BW. The 9 plant
extract-treated groups were administered magnolol or honoki-
ol at the dosages of 100 (M100 or H100), 300 (M300 or H300),
and 500 (M500 or H500) mg/kg BW according to a 3x3 facto-
rial arrangement. All animals were killed by sodium pentobar-
bital anesthesia (50 mg/kg i.p.) after 5 h of every treatment.

Chemicals and reagents

Loperamide hydrochloride was purchased from Xi’an-Janssen
Pharmaceutical Ltd. (Xi’an, China) and dissolved in a 2%
Tween 80 solution (0.1875 mg/ml) for oral gavage adminis-
tration. The ETEC strain O78: K80 suspensions were acquired
from our previous study [14]. The ETEC suspensions were
grown overnight from the frozen glycerol stocks at 180 rpm
and 37°C for 12 h. The cell density of ETEC suspensions was
3.29x10° CFU/ml measured by ND-1000 uv-vis spectropho-
tometer (NanoDrop Ltd., TX).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




LAB/IN VITRO RESEARCH

Table 1. Experimental treatments.
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Treatments design

All mice were infected by ETEC, and then were orally gavaged with loperamide

All mice were infected by ETEC, and then were administered the magnolol 100 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 100 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 100 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 300 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 300 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 300 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 500 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 500 mg/kg BW

All mice were infected by ETEC, and then were administered the magnolol 500 mg/kg BW

Groups Group description
Group 1 E\lNoCr;nal control group All mice were treated with sterile water
Group 2 griz:;i:/\(rjr;()del control All mice were infected by ETEC
Group3P05|t|vedrugcontrol """""""""""
,,,,,,,,,,,,,,,,,,,,, goup (PC)  hydrochloride 3 mg/kg BW
Group 4 Plant extract group 1 and honokioll 100 mg/ke BW
Group 5 Plant extract group 2 andlhanokiol 360 me/Ke BV
Group 6 Plant extract group 3 and honokiol 500 mg/kg BW
Group 7 Plant extract group 4 and honokiol 100 mgrkg BW
Group 8 Plant extract group 5 and honokiol 300 mgfke BW
Group 9 Plant extract group 6 and honokiol 500 mg/ke BV
Group 10 Plant extract group 7 andlhanokiol 160 me/Ke By
Group 11  Plant extract group 8 and honokiol 300 mg/kg BW
Group 12 Plant extract group 9

and honokiol 500 mg/kg BW

Magnolol and honokiol were extracted from MOC and sepa-
rated and purified according to the methods described in our
previous experiment [14]. The purity of magnolol and honoki-
ol was determined by high-performance liquid chromatogra-
phy (HPLC) analysis (Fisher Chemical, Loughborough, UK) as
follows: the column used in the present study was a Kromasil
C18 column (4.6x200 mm 1.D., 5 pm, Waters Thermo), the mo-
bile phase composed of methanol-water (80: 20, v/v) was elut-
ed at a flow-rate of 1.0 mLml/min and the UV detector was set
at 294 nm, and the temperature was set at 40°C. The extracted
magnolol and honokiol purity was above 98% and dissolved
in a 2% Tween 80 solution for oral gavage administration.

Assessment on chemical biomarkers

The blood samples were centrifuged (3500xg for 10 min) to
separate the serum, then stored at -80°C until analysis. The se-
rum glucose (GLU) and D-lactic acid (DLA) concentration in the
serum were analyzed using commercial kits (Beijing Leadman
Biochemistry Co., Ltd., Beijing, China) in accordance with the
manufacturer’s instructions. The ileum tissue was immedi-
ately homogenized with cold 0.9% sterile saline on ice, then
centrifuged at 3500xg for 15 min to get the resultant liquid

supernatant. The serum diamine oxidase (DAO) concentration
and the nitric oxide (NO) and induced nitric oxide synthase
(INOS) concentrations of homogenized solution were deter-
mined by the assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) colorimetrically with a UV 8500 Il
spectrophotometer (Thermo Electron Corporation, Rochester,
NY, USA).

Quantitative real-time polymerase chain reaction (qRT-
PCR) assay

Total RNA was isolated from the liquid nitrogen-frozen ileum
tissue using TRIZOL regents (Invitrogen, USA) and cDNA was
generated using the RevertAid™ First Strand cDNA Synthesis
Kit from Fermentas (Fermentas Inc., Ontario, Canada), accord-
ing to the manufacturer’s instructions. Oligonucleotide prim-
ers according to the mouse gene sequence (http://www.ncbi.
nlm.nih.gov/pubmed/) were designed for the genes in Table 2
using Primer 5 software (Premier Co., Canada). Then, gRT-PCR
analyses were performed on the aliquots of the cDNA prep-
arations with Power SYBR Green PCR Master Mix (Applied
Biosystems Inc., Foster City, CA, USA) to quantitatively detect
the mRNA expression of genes described in Table 2 and B-actin
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Table 2. Sequences of primers and PCR products size of real-time quantitative PCR.

GenBank accession

Forward primer (5’-3°)

Reverse primer (5°-3’) Product size (bp)

B-actin NM_007393 AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT 139
TNFo NMLO13693  CATCTTCTCAAAATICGAGTGACAA  TGGGAGTAGACAAGGTACAACCC 75
CIFNy  NM_008337  TCAAGTGGCATAGATGTGGAAGAA  TGGCTCTGCAGGATTTTCATG 0
I6 NM031168  GAGGATACCACTCCCAACAGACC  AAGTGCATCATCGTTGTTCATACA R
110 NM_010S48  GGTTGCCAAGCCTTIATCGGA  ACCTGC CCACTGCCTTGCT 190
iNOS  NM_010927  CAGCTGGGCTGTACAAACCTT  ATTGGAAGTGAAGCGTTTCG o4

* TNF-a — tumor necrosis factor alpha; IFN-y — interferon gamma; IL-6 — interleukin 6; IL-10 — interleukin 10; iNOS — inducible nitric

oxide synthase.

(as an internal standard) using the Applied Biosystems 7900
Fast Real-Time PCR System (Applied BioSystems Inc., Foster
City, CA, USA). All assays were validated using melting curve
by the presence of single PCR products. The program for PCR
reactions was 95°C for 10 min followed by 40 cycles of 95°C
for 15 s and 60°C for 60 s. At the end of real-time PCR, the
threshold cycle value (CT) of each reaction was determined.
The change in transcriptional level of target gene normalized
to B-actin was calculated by the following formula: Relative
mRNA level of target gene (fold of control)=224T, In the cur-
rent experiment, —~AACT=—(ACT experiment group—ACT control
group) and ACT=CT samples—CT B-actin.

Histological evaluation

At 5 h after administration of magnolol and honokiol, the mice
were killed by sodium pentobarbital anesthesia. The ileum
segments from 5 animals/group were removed for histopath-
ological analysis and fixed overnight in 4% buffered parafor-
maldehyde at 4°C. Then, the sections were rinsed in water, de-
hydrated by immersion in increasing ethanol concentrations
(75%, 85%, 95%, 100%), cleared in benzene, and saturated and
embedded with paraffin. After a routine process including fix-
ation, dehydration, hyalinization, and paraffin embedding, the
ileum segments were sectioned at 5-um thickness (10 slices
per sample) and placed on slides. The slides were dewaxed,
hydrated, and then stained with hematoxylin and eosin and
viewed under a light Olympus BH-2 microscope (Olympus BH-
2, Olympus, Tokyo, Japan). The lengths of 30 villi were mea-
sured by the distance in pm from the crypt neck to the vil-
lus tip, and the depths of 30 crypts were determined using
the Image C picture analysis system (Intronic GmbH, Berlin,
Germany). The goblet cells numbers in each 30 oriented vil-
li were counted and coupled to the Image C picture analysis
system (Intronic GmbH, Berlin, Germany).

Terminal deoxynucleotidyl transferase mediated dUTP
nick-end labeling (TUNEL) assay

The ileum sections were obtained as described above. The
TUNEL staining was performed to detect the apoptotic cells
using the In Situ Cell Death Detection Kit (Nanjing KeyGEN
Biotech. Co., Ltd., Nanjing, Jiangsu, China) according to the
manufacturer’s instruction. Images of TUNEL staining were
made using an Olympus BH-2 microscope (Beckman Coulter,
Inc., CA, USA). Apoptosis was quantified by analysis of the in-
tegrated average optical density of TUNEL staining images.

Statistical analyses

Data, not including MC, PC, and NC groups, were statistical-
ly analyzed using the procedures of SAS (8.2) software (2000;
SAS Inc., Cary, NC, USA). The model included the fixed effects
of magnolol, honokiol, and magnolol x honokiol with the an-
imal as the random effect. All data (including MC, PC, and NC
groups) were subsequently examined to compare the treat-
ment differences by using the General Linear Models proce-
dure of SAS (8.2), and the statistical model only included the
fixed effects of treatments. Least-squares means were report-
ed throughout, and differences at P<0.05 were considered sta-
tistically significant.

Results

The purity of magnolol and honokiol used in this study was
98% as determined by HPLC. Table 3 shows that magnolol
administration affected (P<0.05) the levels of iNOS, DAO, and
DLA in a dose-dependent manner, while honokiol administra-
tion affected (P<0.05) the concentrations of NO and GLU and
the activity of iNOS. There were interactive effects of magno-
lol and honokiol on the generation of NO and DLA (P<0.001),
and iNOS and GLU (P<0.05). Compared with the NC group, in-
traperitoneal administration of ETEC increased (P<0.05) the
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Table 3. Effects of oral magnolol and honokiol administration on NO and iNOS concentration of ileal tissue, serum DAO, GLU, and LAD

content in mice (n=10).

Treatment™**

P-value

NO pmol/g 3.11¢

11.28% 3.79¢ 575 573b

prot

lleum e
INOSU/MB () osines 0920 0.89°  0.75% 0,54
prot
DAO U/L  3.73%¢ 432% 4542 373bc 34710
GLU

Serum 504> 575% 593® Q7 .42
mmol/L

DLA mg/dL 40.95° 77.80* 36.54" 34.06> 29.05¢

5.01¢ 9.20®® 7.67%¢ 532 2329 0.661 0.041 <0.001
03 0815 05 04% 0109 0010 0003 0012
315 4218 360% 364% 039 0046 0099 099
5.66° 4.89° 7.20° 6.08®° 0.924 0.556 0.006 0.008
S5 3051 3281 344 352 003 0139 <0001

* NO - nitric oxide; iINOS — induced nitric oxide synthase; DAO — diamine oxidase; GLU — glucose; DLA — lactic acid. ** In a row, the
mean values with different letters (a—e) differ (P<0.05). NC — normal control; MC — diarrhea model control; PC — positive drug control;
M — magnolol administration at the doses of 100, 300, and 500 mg/kg BW; H — Honokiol administration at the doses of 100, 300, and

500 mg/kg BW. # Standard error of least squares means.

Table 4. Effects of oral magnolol and honokiol administration on the mRNA expression of nitric oxide synthases and inflammatory

cytokines in mice (n=10).

Treatment**

IL-10 1.00¢ 4.042 2.63%¢

2.21bd  0.744

P-value

2.73%  2.10b  1.17¢  0.691 <0.001 <0.001

*iNOS - nitric oxide synthases; TNF-a. — tumor necrosis factor alpha; IFN-y — interferon gamma; IL-6 — interleukin 6;

IL-10 — interleukin 10. ** In a row, the mean values with different letters (a—d) differ (P<0.05). NC — normal control; MC — diarrhea
model control; PC — positive drug control; M — magnolol administration at the doses of 100, 300, and 500 mg/kg BW; H — Honokiol
administration at the doses of 100, 300, and 500 mg/kg BW. # Standard error of least squares means.

concentrations of NO and DLA in the ileum. Administration with
loperamide hydrochloride reduced (P<0.05) NO and DLA in the
PC group compared with the MC group. When compared with
the MC group, all doses of magnolol and 500 mg honokiol/kg
BW reduced (P<0.05) NO, while administration of 300 or 500
mg magnolol and honokiol/kg BW inhibited (P<0.05) the ac-
tivity of iNOS. The activity of DAO was decreased (P<0.05) af-
ter administration of 500 mg magnolol/kg BW compared with
the MC group. Meanwhile, the concentration of DLA was de-
creased (P<0.05) by administration of all doses of magnolol
and honokiol in comparison with the MC group.

To further understand the molecular mechanism by which
magnolol and honokiol block various inflammatory process-
es induced by ETEC, the mRNA expression of iNOS, TNF-q,
IFN-y, IL-6, and IL-10 in the ileal tissues of mice were investi-
gated (Table 4). The magnolol administration influenced the
mRNA expression of IFN-y and IL-10 (P<0.001), and iNOS and
IL-6 (P<0.05) in a dose-dependent manner. The honokiol ad-
ministration had significant effects on the mRNA expression
of TNF-a (P=0.009) and IL-10 (P<0.001) in a dose-dependent
manner. There were interactive effects (P<0.05) of magno-
lol and honokiol on the mRNA expression of iNOS, IFN-y, IL-
10 TNF-0, and IL-6. When compared with NG, intraperitoneal
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Figure 1. Effects of magnolol and honokiol on ETEC-induced changes in histopathology of the ileal tissue in mice of different
experimental groups (n=>5, x250). The lengths of 30 villi were measured by the distance in pm from the crypt neck to the
villus tip, the depths of 30 crypts were determined, and the goblet cells in each 30 oriented villi were counted. The mice were
first infected by ETEC suspensions and then treated by loperamide hydrochloride or magnolol and honokiol. (A) Shows the
normal appearance of normal control mice. (B) Shows the appearance of ETEC-induced mice. (C) Shows the appearance of
loperamide hydrochloride-treated ETEC-induced mice. (D-L) Shows the appearance of 100 mg magnolol/kg BW (M100) x100
mg honokiol/kg BW (H100) administration, M100xH300, M100xH500, M300xH100, M300xH300, M300xH500, M500xH100,

M500xH300, and M500xH500 treated ETEC-induced mice.

administration of ETEC increased (P<0.05) the mRNA expres-
sion of IFN-y and IL-10. Administration with loperamide hydro-
chloride had an inhibitory effect on inflammation in compar-
ison with the MC group. When compared with the MC group,
the mRNA expression of IFN-y and IL-10 was markedly inhib-
ited (P<0.05) by magnolol and honokiol administration at the
doses of 300 and 500 mg/kg BW. Meanwhile, administration
with magnolol or honokiol suppressed the mRNA expression
of iNOS, TNF-a, and IL-6.

The effects of magnolol and honokiol on the ileal morphology
in ETEC-induced mice are presented in Figure 1 and Table 5.
After statistical analysis (showed in Table 4), the honokiol ad-
ministration affected (P<0.05) the villus height and the ratio
of villus height to crypt depth in a dose-dependent manner.
When compared with the NC group, intraperitoneal admin-
istration of ETEC decreased (P<0.05) the ileum villus height
and crypt depth. The goblet cell numbers and ratio of villus
height to crypt depth were reduced (P<0.05) in the PC group

compared with the MC group. When compared with the MC
group, all doses of magnolol and honokiol administration de-
creased (P<0.05) the goblet cell numbers and ratio of villus
height to crypt depth, but 300 mg honokiol/kg BW adminis-
tration did not affect (P>0.05) the ratio of villus height to crypt
depth. We found that 300 mg magnolol, or 100 and 300 mg
honokiol/kg BW administration elongated (P<0.05) the crypt
depth compared with the MC group.

Figure 2A shows no remarkable apoptosis sign except for the
death of some program cell of the ileum in normal control
group mice. Figure 2B shows the chromatin of intestinal epi-
thelial cells was deeply stained and fragmented, and their nu-
clei were marginated in the ileum of ETEC-induced mice, which
was different from the NC group. Figure 2C shows the chroma-
tin of intestinal epithelial cells was slightly stained compared
with that in the MC group (Figure 2B). The chromatin of intes-
tinal epithelial cells was also slightly stained in Figure 2D-2L
after being treated by magnolol and honokiol administration
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Table 5. Effects of oral magnolol and honokiol administration on the morphology of ileal in mice (n=5).

Treatment**
P-value

VH, ym 344.06% 229.98> 195.56¢ 271.03% 288.67% 274.37%> 284.51% 316.272> 233.28 37.132 0.830 0.033  0.381

CD, ym 174.02* 108.24° 121.62% 159.09%® 167.89° 155.63* 173.59% 170.17# 138.85%® 24.638 0.825 0.184 0.185

VH/CD 2.00®  2.142 1.69¢ 1.72¢ 1.75%  1.81%¢  1.68° 1.89%¢ 1.71¢ 0.119 0.598 0.038 0.116

* VH - Villus height; CD — Crypt depth; GC — Goblet cell; VH/CD - ratio of Villus height to Crypt depth; ** In a row, the mean values
with different letters (a—c) differ (P<0.05). NC — normal control; MC — diarrhea model control; PC — positive drug control; M — magnolol
administration at the doses of 100, 300, and 500 mg/kg BW; H — Honokiol administration at the doses of 100, 300, and 500 mg/kg
BW. # Standard error of least squares means.

Figure 2. The apoptosis appearance of ETEC-induced ileum tissues treated by magnolol and honokiol in mice of different experimental
groups (n=5, x400). DNA fragmentation was examined by terminal deoxynucleotidyl transferase mediated dUTP nick-end
labeling staining. (A) Shows the apoptosis appearance of the normal control mice. (B) Shows the apoptosis appearance of
ETEC-induced mice. (C) Shows the apoptosis appearance of loperamide hydrochloride-treated ETEC-induced mice. (D-L)
Shows the apoptosis appearance of magnolol and honokiol administration at 100 mg/kg BW (M100) x100 mg/kg BW (H100),
M100xH300, M100xH500, M300xH100, M300xH300, M300xH500, M500xH100, M500xH300, and M500xH500 treated ETEC-
induced mice.

in comparison with the MC group. Statistical analysis (Table 6) intraperitoneal administration of ETEC significantly increased
showed that magnolol administration affected (P<0.05) the the average optical density. Administration with loperamide
average optical density. When compared with the NC group, hydrochloride reduced (P<0.05) the average optical density
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Table 6. Effects of oral magnolol and honokiol administration on the average optical density of ileal epithelium in ETEC-induced

diarrhea mice (TUNEL assay, n=5).

Treatment**

P-value

0.12° 0.20**  0.16®  0.13%

AID 0.172

0.202

0.1820

0.15®*  0.16® 0.032 0.046 0.500 0.332

* AID - average optical density; ** In a row, the mean values with different letters (a—b) differ significantly (P<0.05). NC — normal
control; MC — diarrhea model control; PC — positive drug control; M — magnolol administration at the doses of 100, 300, and
500 mg/kg BW; H — Honokiol administration at the doses of 100, 300, and 500 mg/kg BW; # Standard error of least squares means.

compared with the MC group. When compared with the MC
group, magnolol and honokiol administration did not signifi-
cantly affect (P>0.05) the average optical density.

Discussion

In this study, we focused on the comparison of the MC group
and magnolol and honokiol treatments while using NC as a
reference. Here, we tried to elucidate the mechanism of mag-
nolol and honokiol in modifying ETEC-induced disruption in il-
eum intestinal mucosa.

Bacterial pathogens have been reported to invade the intes-
tinal epithelium, reduce cell metabolic activity, and stimulate
iNOS over-expression to elevate NO level in diarrhea mice as-
sociated with inflamed mucosa [16], which was in agreement
with the present results. The significance of NO release is to
promote electrolyte (or water) secretion in the ileum of path-
ological diarrhea mice [16]. In the present study, the magn-
olol and honokiol administration significantly decreased the
NO concentration and iNOS activity, which partly supports the
results of previous reports [17,18]. DAO activity and DLA lev-
el in serum are useful biomarkers for evaluating the integri-
ty of the gastrointestinal tract and histologic injury [19,20]. In
present study, we demonstrated that intraperitoneal admin-
istration of ETEC disrupts intestinal function to produce more
DAO and DLA in the damaged intestinal mucosal of diarrhea
mice, while magnolol and honokiol reduce serum DAO activ-
ity and DLA level (Table 2) to protect against mucosal injury.
It is thus obvious that magnolol and honokiol have stronger
protective effects on intestinal mucosal than that of loper-
amide hydrochloride.

Secretory diarrhea is a common symptom associated with in-
flammation of the intestinal mucosa [21]. The data (Table 3)
obviously demonstrated that intraperitoneal administration
of ETEC promoted the inflammatory process, and we con-
firmed that severe damage to the intestinal mucosa occurs
after ETEC treatment in the ileum of mice. The magnolol and

honokiol administration showed a general tendency to inhib-
it inflammatory markers iNOS, TNF-o, IFN-y, IL-6, and IL-10,
which is partly in agreement with the findings of previous re-
ports [22,23]. Furthermore, the regulation effects of magnolol
and honokiol on inflammation were similar to those of loper-
amide hydrochloride with the mRNA expression of inflamma-
tory cytokines (iNOS, TNF-a, IFN-y, IL-6, and IL-10) in MC, PC,
and magnolol or honokiol treatment.

The morphology of intestinal mucosa, especially the structure
of villus and crypt, is one of the most important indicators of
the digestive and absorptive capacity of the small intestine [24].
In the present study, the intestinal injury was evidenced by
atrophy of the intestinal villi, reduction of the crypt depth,
and decreased numbers of goblet cells in ETEC-induced diar-
rhea mice, which was supported by previous studies [6,7]. The
apoptosis induced by ETEC infection and heat-labile enterotox-
in has been observed [25,26], which was partly in agreement
with the present results. The villus and crypts affect absorp-
tion and secretion, respectively, and the goblet cells located
in both regulate the mucus secretion to keep the balance be-
tween electrolytes and water in the intestines [27]. Through
comparing with ETEC-induced diarrhea mice, we showed that
magnolol and honokiol elongated the villus height and crypt
depth. A possible explanation is that the elongation of villus
height and crypt depth increased absorption capacity to de-
velop intestine morphology, which, based on the elongation of
villus height and crypt depth, improve mitotic activity to pro-
mote the epithelial cell proliferation to inhibit apoptosis and
preserve the integrity of the human epithelial mucosa after
bacterial invasion [3]. Intriguingly, the goblet cells depletion
and the decreased ratio of villus height to crypt depth induced
by magnolol and honokiol may reduce the secretion capaci-
ty to downregulate the inflammatory cytokines and delay the
apoptosis process [28,29]. These results verify our findings that
magnolol and honokiol enhanced the anti-inflammatory func-
tion to promote the intestinal barrier and regulate the intesti-
nal epithelium apoptosis.
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Conclusions

In summary, in the diarrhea mice, intraperitoneal administra-
tion of ETEC induced inflammation, disrupting the ileum intes-
tinal function and causing damage. Administration of different
doses of magnolol and honokiol inhibited the mRNA expres-
sion of inflammatory cytokines and elongated the villus height
and crypt depth, decreased the goblet cells numbers and the
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