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Suppression of colonic oxidative stress caused by
chronic ethanol administration and attenuation of
ethanol-induced colitis and gut leakiness by oral
administration of sesaminol in mice†
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Chronic consumption of excess ethanol is one of the major risk factors for colorectal cancer (CRC), and

the pathogenesis of ethanol-related CRC (ER-CRC) involves ethanol-induced oxidative-stress and inflam-

mation in the colon and rectum, as well as gut leakiness. In this study, we hypothesised that oral adminis-

tration of sesaminol, a sesame lignan, lowers the risk of ER-CRC because we found that it is a strong anti-

oxidant with very low prooxidant activity. This hypothesis was examined using a mouse model, in which

2.0% v/v ethanol was administered ad libitum for 2 weeks with or without oral gavage with sesaminol

(2.5 mg per day). Oral sesaminol administration suppressed the ethanol-induced colonic lesions and the

ethanol-induced elevation of the colonic levels of oxidative stress markers (8-hydroxy-2’-deoxyguano-

sine, malondialdehyde, and 4-hydroxyalkenals). It consistently suppressed the chronic ethanol-induced

expressions of cytochrome P450-2E1 and inducible nitric oxide synthase and upregulated heme oxyge-

nase-1 expression, probably via the nuclear factor erythroid-derived 2-like 2 pathway in the mouse colon.

Oral sesaminol administration also suppressed the chronic ethanol-induced elevation of colonic inflam-

mation marker levels, such as those of tumour necrosis factor-α, interleukin-6, and monocyte chemoat-

tractant protein-1, probably via the nuclear factor-kappa B pathway. Moreover, it prevented the chronic

ethanol-induced gut leakiness by restoring tight junction proteins, giving rise to lower plasma endotoxin

levels compared with those of ethanol-administered mice. All of these results suggest that dietary sup-

plementation of sesaminol may lower the risk of ER-CRC by suppressing each of the above-mentioned

steps in ER-CRC pathogenesis.

1. Introduction

Chronic consumption of excess ethanol has been shown to be
one of the major risk factors for colorectal cancer (CRC).1,2

Although the mechanism by which chronic ethanol consump-
tion increases CRC risk is yet to be fully clarified, one possible
scenario for ethanol-related CRC (ER-CRC) pathogenesis is as

follows. Chronic ethanol consumers retain high blood concen-
trations of ethanol for prolonged periods, which equilibrates
among tissues, including the colon and rectum.3 Ethanol oxi-
dation, which takes place not only in liver, but also in other
tissues and organs including the colon and rectum, is coupled
to the mitochondrial electron transport system, which coinci-
dentally produces reactive oxygen species (ROS).2 In chronic
ethanol consumers, CYP2E1 is also involved in ethanol oxi-
dation in the colon and rectum and potentially produces
ROS.4,5 ROS thus produces enhanced oxidative stress and pro-
motes inflammation via multiple pathways in the colorectal
tissues.2,6,7 Moreover, it has been shown that ethanol can also
directly or indirectly cause impaired gut barrier function, such
as dysfunction of the tight junction (TJ), giving rise to leaky
gut.8,9 The gut leakiness may result in translocation of intesti-
nal bacteria via the cardiovascular system to result in appreci-
able plasma levels of lipopolysaccharides (LPS), which induce

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d1fo04120g

aDivision of Clinical Nutrition, Faculty of Nutrition, Kobe Gakuin University,

Kobe 651-2180, Japan
bDepartment of Biomolecular Engineering, Graduate School of Engineering,

Tohoku University, Sendai, Miyagi 980-8579, Japan
cFaculty of Bioscience, Fukui Prefectural University, Fukui 910-1195, Japan
dTohoku University Tohoku Medical Megabank Organization, Seiryo 2-1, Sendai,

Miyagi 980-8573, Japan
eKiyomoto Co., Ltd., 6-1633 Totoro-cho, Nobeoka, Miyazaki 889-0595, Japan

This journal is © The Royal Society of Chemistry 2022 Food Funct., 2022, 13, 9285–9298 | 9285

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

6/
20

26
 1

0:
11

:0
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0002-1723-7173
http://orcid.org/0000-0002-5275-4731
https://doi.org/10.1039/d1fo04120g
https://doi.org/10.1039/d1fo04120g
https://doi.org/10.1039/d1fo04120g
http://crossmark.crossref.org/dialog/?doi=10.1039/d1fo04120g&domain=pdf&date_stamp=2022-09-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fo04120g
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO013018


inflammation.10 The oxidative stress and inflammation thus
generated cause DNA damage, which initiates malignant trans-
formation of colorectal cells,2,6,7,11–13 leading to ER-CRC.14

The relative CRC risk of heavy drinkers has been estimated to
be 1.52-times higher than that of non-drinkers/occasional drin-
kers, with a stronger association (relative CRC risk, 1.81) in Asian
people.15 We previously compared gut microbiota structures of
alcoholics and non-alcoholics to identify the ecophysiological
consequences of alcoholism on human gut microbiota.16 It was
found that gut microbiota of alcoholics were in a dysbiotic state,
in which obligate anaerobes (such as Bacteroides and
Ruminococcus) decreased, and facultative anaerobes (such as
Streptococcus and bacterial species belonging to family
Enterobacteriaceae) were enriched. Because obligate anaerobes
are generally more susceptible to ROS than facultative anaerobes,
these observations were consistent with the above-described
ER-CRC pathogenesis in chronic ethanol consumers.16 The
induction of colonic oxidative stress by ethanol was further cor-
roborated by our recent study using a mouse model.17

Sesame oil extracted from sesame (Sesamum indicum L.)
seeds is known to display exceptionally high resistance to lipid
peroxidation among other edible oils, and this unique nature
of sesame oil arises from the presence of a variety of sesame
lignans in it, such as sesaminol and sesamol, which display
strong antioxidant activities.18 A wide variety of bioactivities
that are beneficial to human health have been reported for
these lignans, and these useful bioactivities likely arise from
their antioxidant activities.

Of these sesame lignans, sesaminol (Fig. 1) has particularly
strong antioxidant activity and serves as a potential inhibitor
of the oxidation of low-density lipoproteins.19,20 It also inhibits
6-hydroxydopamine-induced ROS production in human neuro-
blastoma cells21 and protects against β-amyloid peptide-
induced cognitive deficits in mice.22

Thus, we hypothesised that oral administration of sesami-
nol lowers the risk of ER-CRC based on its strong antioxidant
activity. As the first step to examine this hypothesis, we re-
characterised the antioxidant activity of sesaminol to show
that it is a strong antioxidant with very low prooxidant activity,
unlike quercetin (a well-known phytochemical antioxidant).23

We then examined the hypothesis by analysing its effects on
the proposed steps of ER-CRC pathogenesis involving ethanol-
induced oxidative-stress and inflammation in the colon and
rectum, as well as gut leakiness, using a mouse model.

2. Materials and methods
2.1. Chemicals

Sesaminol was prepared as described previously24 and was of
95% or higher purity as judged by HPLC analysis (section
2.16). Luminol was purchased from Tokyo Chemical Industry
(Tokyo, Japan). Hydrogen peroxide and copper chloride were
purchased from FUJIFILM Wako Pure Chemical (Osaka,
Japan). The plasmid pBR322 was from New England Biolab
(Ipswich, MA, USA). Other chemicals were of analytical grade
and purchased from FUJIFILM Wako Pure Chemical or Nacalai
Tesque, Kyoto, Japan.

2.2. Antioxidant and prooxidant assays

Antioxidant activity was evaluated by the method of
Parejo et al.25 Briefly, luminol (10 μM) and H2O2 (1000 μM)
were mixed with or without test compounds in 50 mM boric
acid–sodium hydroxide buffer (pH 9.0). To initiate the Fenton
reaction, CuCl2 (100 μ M) was added, and after 5 min incu-
bation at room temperature, chemiluminescence at 450 nm
was recorded on a microplate reader (SpectraMax M2,
MolecularDevices, CA, USA). The experiments were performed
in triplicate, and the potency of antioxidant activity was
expressed as the mean ratio of light extinction.

Prooxidant activity was evaluated by the method of Aruoma
et al.26 Briefly, plasmid DNA pBR322 (10 ng) and CuCl2
(200 μM) were mixed with or without test compounds in
50 mM sodium phosphate–150 mM sodium chloride buffer
(pH 7.4) in a microtube. After incubation at 37 °C for 1 h, an
aliquot of the reaction mixture (10 μL) was mixed with loading
buffer (FUJIFILM Wako Pure Chemical) and loaded onto 1%
agarose gel. Electrophoresis was performed at 100 volts for
40 min in TAE buffer (0.04 M tris-acetate and 1 mM EDTA, pH
7.4) using a DNA subcell (Cosmo-bio, Tokyo, Japan). The
agarose gel was stained with ethidium bromide for 10 min,
and DNA bands were visualised with a gel-imaging system
FAS-IV (Nippon Genetics, Tokyo, Japan).

2.3. Overall animal experimental design

Prior to the start of this work, all animal experiments were
approved by the Ethics Committee for Animal
Experimentation of Kobe Gakuin University, Kobe, Japan
(approval number, A19-55). As required by the Guidelines for
Proper Conduct of Animal Experiments by the Science Council
of Japan, methods and procedures were used to minimize the
pain and/or distress of all animals used in this study.

Acclimated, eight-week-old mice (n = 32) were randomly
divided into 4 groups (groups C, E, S, and ES; n = 8 per group)
and bred in parallel for 14 days with different feeding pro-
grams in terms of added ethanol and sesaminol (Fig. 2; see
also section 2.4). The dose and duration of sesaminol adminis-
tration used in this study were comparable with those of pre-
vious reports using mice.22,27 On day 15, all subjects were
sacrificed painlessly, and the colon, liver, and plasma of each
mouse were obtained by necropsy. The colonic tissue samples
of these mice were examined for lesions by histochemicalFig. 1 Structure of sesaminol.
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examinations (section 2.5) and microscopic evaluation (section
2.6), and for oxidative stress-related and inflammation-related
markers by immunohistochemical staining (section 2.7),
enzyme-linked immunosorbent assays (ELISA, sections 2.8 and
2.13), western blotting (WB) analysis (section 2.9), quantitative
reverse transcription PCR (qRT-PCR) (section 2.10), and lipid
peroxide analysis (section 2.11) (n = 5 per group for each ana-
lysis). Colonic tissue and plasma samples of these mice were
also used to examine ethanol-induced gut tight-junction leaki-
ness by WB analysis of colonic epithelial proteins (section 2.9)
and endotoxin assays (section 2.12) (n = 5 per group for each
analysis). In addition, liver functions of these mice were exam-
ined by blood biochemical analyses (section 2.14) and liver
lipid analyses (section 2.15) (n = 8 per group for each analysis).
Faeces collected on day 14 and plasma (see above) from each
mouse were used for determination of faecal and plasma sesa-
minol levels by HPLC (section 2.16).

2.4. Mouse groups and their feeding programs

C57BL/6NCr male mice (n = 32, 8 weeks old, with an average
weight of 23.0 ± 1.0 g) were obtained from SLC (Hamamatsu,
Japan). All mice were housed, one mouse per cage, in an
animal breeding room of SPF level, Animal Experimentation
Facility, Kobe Gakuin University, under standard conditions
[23–24 °C, 12 h light/dark cycle (lights on from 8 a.m. to 8 p.
m.)]. The Animal Experimentation Facility undertakes a twice-
a-year health screening, covering various bacterial, viral, and
parasitic organisms, and the obtained colony screened nega-
tive for all of them. The mice, which were 8 weeks old, were
randomly assigned to four groups (groups C, S, E, and ES; n =
8 mice per group), which were fed in parallel as follows. For
acclimation, all 8-week-old mice (n = 32) were fed Rodent
Chow diet (AIN93M, SLC) and water ad libitum during the first
week, then Lieber-DeCarli control (dextrose) liquid diet
(termed LDCLD, ESI Table 1†) (Research Diets; New
Brunswick, NJ, USA)28 and water ad libitum during the next
week using a liquid diet feeder (model KN-676, Natsume
Seisakusho Co., Ltd, Tokyo Japan).

Group C (the control group)—mice (n = 8) were fed LDCLD
ad libitum with a daily oral gavage of 1 mL of LDCLD using a
disposable feeding needle FG5202K (silicon 20-gauge; AS ONE,
Osaka, Japan) for 14 days, in which water was available
ad libitum.

Group S (the sesaminol group)—mice (n = 8) were fed
LDCLD ad libitum with a daily oral gavage of 1 mL of LDCLD
containing 2.5 mg sesaminol per mouse (corresponding to a
dosage of 100 mg sesaminol per kg body weight per day)
using a disposable feeding needle for 14 days. Water was
available ad libitum.

Group E (the ethanol group)—mice (n = 8) were fed LDCLD
containing 2.0% v/v ethanol (ESI Table 1†) ad libitum with a
daily oral gavage of 1 mL of LDCLD using a disposable feeding
needle for 14 days. Water was available ad libitum.

Group ES (the ethanol-plus-sesaminol group)—mice (n = 8)
were fed LDCLD containing 2.0% v/v ethanol (ESI Table 1†)
ad libitum with a daily oral gavage of 1 mL of LDCLD con-
taining 2.5 mg sesaminol per mouse using a disposable
feeding needle for 14 days. Water was available ad libitum.

It must be noted that LDCLD and LDCLD containing 2%
v/v ethanol were isocaloric, adjusted by both maltodextrin and
100% ethanol formulation ratio (see ESI Table 1†). Gavage was
conducted in the laboratory room of SPF level in the above-
mentioned facility.

On day 15, which was the experimental endpoint, all mice
were anesthetised 12 h after gavage by initial exposure to 4%
isoflurane (FUJIFILM Wako Pure Chemical) using an anaesthe-
sia vaporizer (Muromachi Kikai; Tokyo, Japan), followed by
sustained exposure to 3% isoflurane. The mice were then sacri-
ficed painlessly and subjected to necropsy.

The liver, colon, and plasma were collected from each
mouse. The colon was dissected and immediately frozen at
−80 °C or stored in RNAprotect Tissue Reagent (QIAGEN;
Venlo, Netherlands) for further analysis. Blood samples
were treated with 10 IU mL−1 heparin sodium (Nacalai
Tesque). Plasma was obtained by centrifuging the blood at
1000g for 15 min at 4 °C. The rest of the tissues and the
plasma were quickly frozen and stored at −80 °C until
analysis.

2.5. Histology

Colonic tissue samples were fixed overnight in 10% v/v neutral
formaldehyde solution (Nacalai Tesque) at room temperature
and then embedded in paraffin. The colonic tissue slices
(4 μm in thickness) were subjected to staining with haematoxy-
lin/eosin (HE) and toluidine blue (TB). Hepatic tissue slices
were also prepared essentially as described above and sub-
jected to staining with HE and Oil red O. These procedures
were outsourced to Kyodo Byori (Kobe, Japan). Finally, these
histology specimens were observed using a model
VH-8000 microscope (KEYENCE; Osaka, Japan).

2.6. Microscopic evaluation of colonic lesions

For each animal, five parts were randomly taken from colonic
tissue section samples and subjected to microscopic evalu-
ation. Semi-quantitative degrees of inflammation of the
colonic lumen were graded from 0 (the absence of inflam-
mation) to 11 (the most severe inflammation) according to the
sum of the scores based on the following observations: (a) loss
of mucosal architecture (score, 0–3); (b) cellular infiltration

Fig. 2 Schematic of the dietary intervention procedure for mice.
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(score, 0–3); (c) muscle thickening (score, 0–3); (d) crypt
abscess formation (score, 0–1); and (e) goblet cell depletion
(score, 0–1).17,29,30

2.7. Immunohistochemical staining of MUC2 and 8-OHdG

Colonic tissue slices (4 μm in thickness; see above) were
placed on clean, positively charged microscope slide glasses
and dried by heating for 2 h at 60 °C in a tissue-drying oven.
The section slices were deparaffinised by washing in xylene for
5 min, 3 times, and dehydrated in a series of graded concen-
trations of ethanol. For heat-induced antigen retrieval, the
slide glasses were heated at 100 °C for 20 min in 10 mM
sodium citrate buffer, pH 6.0, and then cooled to room temp-
erature in the same buffer for 20 min, followed by washing
with 1× Tris-buffered saline containing 0.1% Tween 20 at room
temperature for 1 min.

For immunohistochemical staining, endogenous peroxi-
dase activity was blocked by incubation of the slices with 3%
H2O2 for 5 min. The slices were then incubated with 2%
bovine serum albumin in phosphate-buffered saline at room
temperature for 30 min, followed by incubation at 4 °C over-
night with rabbit anti-intestinal mucin 2 (MUC2) polyclonal
antibody (Abcam; Cambridge, UK) or rabbit anti-8-hydroxy-2′-
deoxyguanosine (8-OHdG) monoclonal antibody (Abcam). The
slices were subsequently incubated with the biotinylated goat
anti-rabbit IgG antibody (Abcam) at room temperature for
20 min. Immune complexes were visualised by peroxidase-cata-
lysed oxidation of diaminobenzidine (Dojindo Laboratories;
Kumamoto, Japan), and the sections were counterstained with
haematoxylin. These procedures were outsourced to Kyodo
Byori. Immuno-positive cells were observed by microscopic
examination in randomly selected high-power fields (400×) of
these histology specimens using a model VH-8000 microscope
(KEYENCE).

2.8. Enzyme-linked immunosorbent assay (ELISA)

For ELISA of colonic 8-OHdG levels, colonic tissue samples
(50 mg) were homogenised with 1 mL of DNAzol Reagent
(Thermo Fisher Scientific; Waltham, MA, USA) using a
Polytron homogenizer (model 1300D; Central Scientific
Commerce; Tokyo, Japan), in which tissues were homogenised
for 10 s, 5 times, using a loose pestle, followed by homogeniz-
ation for 10 s, 5 times, using a tight pestle. The resulting hom-
ogenate was centrifuged at 20 000g at 4 °C for 3 h. DNA was
isolated from the supernatant by ethanol precipitation and
subsequently treated with the 8-OHdG assay preparation
reagent set (FUJIFILM Wako Pure Chemical) according to the
manufacturer’s guidance. Equal amounts of the extracted
DNAs were used for the analysis of the 8-OHdG levels using
the OxiSelect Oxidative DNA Damage ELISA Kit (Cell Biolabs;
San Diego, CA, USA).

For ELISA of colonic levels of tumour necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and monocyte chemoattractant
protein-1 (MCP-1), colonic tissue samples (100 mg) were hom-
ogenised with 1 mL of M-PER Mammalian protein extraction
reagent (Pierce; Rockford, IL, USA) supplemented with a rec-

ommended dilution of a protease inhibitor cocktail (Nacalai
Tesque) using a homogenizer, essentially as described above,
followed by centrifugation at 20 000g for 15 min at 4 °C. The
protein concentration of the supernatant was determined
using a protein assay reagent (Bio-Rad Laboratories; Hercules,
CA, USA). Equal amounts of protein were used for the analysis
of the levels of TNF-α, IL-6, and MCP-1 using ELISA kits (com-
mercial sources of the kits for TNF-α and MCP-1 assays were
RayBiotech, Peachtree Corners, GA, USA, and Thermo Fisher
Scientific, for the IL-6 assay) following the manufacturers’
protocols.

For ELISA of hepatic 8-OHdG levels, liver tissue was hom-
ogenised using a homogenizer for 10 s, 5 times, using a
loose pestle at 4 °C with phosphate-buffered saline, pH 7.4,
containing 1 mM phenylmethyl sulfonyl fluoride (Nacalai
Tesque). Hepatic cells were collected from the resulting
homogenate by centrifugation at 600g for 5 min at 4 °C.
Mitochondrial DNA (mtDNA) was isolated from the col-
lected cells using the Mitochondrial DNA isolation kit
(BioVision; Milpitas, CA, USA), according to the manufac-
turer’s protocols. Equal amounts of the mtDNAs thus
obtained were used for the analysis of the 8-OHdG contents
using the OxiSelect oxidative DNA damage ELISA kit (Cell
Biolabs).

2.9. Western blotting (WB) analysis

Colonic tissue samples (100 mg) were homogenised with 1 mL
of M-PER Mammalian protein extraction reagent (Pierce) sup-
plemented with a recommended dilution of a protease inhibi-
tor cocktail (Nacalai Tesque) using a homogenizer, essentially
as described in section 2.8, followed by centrifugation at
20 000g for 15 min at 4 °C. The protein concentration of the
supernatant was determined using a protein assay reagent
(Bio-Rad Laboratories). Equal amounts of protein were sub-
jected to SDS-PAGE, and the electrophoresed proteins in the
gels were transferred to PVDF membranes, which were then
blocked with a recommended dilution of a blocking reagent
(Bullet Blocking One for Western Blotting, Nacalai Tesque) at
room temperature overnight. The membranes were then incu-
bated with a recommended dilution of one of the following
primary rabbit polyclonal antibodies: anti-mouse CYP2E1,
anti-mouse inducible nitric oxide synthase (iNOS), anti-mouse
zonula occludens-1 protein (ZO-1), anti-mouse occludin, anti-
mouse claudin-1 (each from Abcam), anti-mouse heme oxyge-
nase-1 (HO-1) (Proteintech Group), and anti-mouse β-actin
(Genetex; Irvine, CA, USA). Subsequently, the PVDF mem-
branes were washed with 1× Tris-buffered saline containing
0.1% Tween 20 for 10 min, 3 times. The immune complexes
were probed with secondary horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG (Cytiva; Marlborough, MA, USA)
and visualised by means of a peroxidase-catalysed chemilumi-
nescence reaction using the ECL western blotting kit (Cytiva).
The intensities of the immuno-reactive bands were quantified
by densitometry using Image J software (National Institutes of
Health; Bethesda, MD, USA).
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2.10. Quantitative reverse transcription-PCR (qRT-PCR)

Total RNA was extracted from colonic tissue samples using
TRIzol reagent (for RNA extraction; Invitrogen). First strand
cDNA was synthesised at 37 °C for 60 min from 1 μg of total
RNA using the ReverTra Ace-α first strand cDNA synthesis kit
(Toyobo; Osaka, Japan) using a thermal cycler (Gene Amp
PCR System model 9700; Applied Biosystems; Carlsbad, CA,
USA). The mixture was then incubated at 94 °C for 5 min to
inactivate the enzyme, followed by incubation at 4 °C. To
quantify TNF-α, IL-6, MCP-1, and β-actin mRNAs, qRT-PCR
was performed using a LightCycler System (Roche
Diagnostics; Mannheim, Germany) and a kit (LightCycler
Fast Start DNA Master Plus SYBR Green 1, Roche
Diagnostics). Thermal cycling conditions were as follows: 45
cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10–20 s.
Nucleotide sequences of the qRT-PCR primers used are listed
in ESI Table 2.†

2.11. Lipid peroxidation levels in colonic tissues

Colonic tissue samples (100 mg) were homogenised with 1 mL
of 20 mM phosphate-buffered saline, pH 7.4, using a hom-
ogenizer, essentially as described in section 2.8, followed by
centrifugation at 3000g for 10 min at 4 °C. The precipitate was
assayed for malondialdehyde (MDA) and 4-hydroxyalkenals
(HAE) using the lipid peroxidation assay kit (Oxford
Biomedical Research; Oxford, MI, USA) following the manufac-
turer’s instructions.

2.12. Endotoxin assays

Plasma endotoxin levels were determined by the Limulus
Amebocyte Lysate assay method,31 using the ToxinSensor™
Chromogenic LAL endotoxin assay kit with a concentration range
of 0.01–0.10 EU mL−1 (GenScript Biotech; Piscataway, NJ, USA).

2.13. Nuclear factor-kappa B (NF-κB) and nuclear factor
erythroid-derived 2-like 2 (Nrf2) assays in colonic tissues

Nuclear proteins of colonic tissues were extracted by the
nuclear extraction kit (Cayman Chemical; Ann Arbor, MI, USA)
following the manufacturer’s protocols. Protein concentration
was determined using a protein assay reagent (Bio-Rad
Laboratories). Known amounts of the extracted nuclear pro-
teins were used for ELISA for activation of NF-κB and Nrf2 by
using the TransAM® NFκB p65 transcription factor assay kit
(Active Motif; Carlsbad, CA, USA) and Nrf2 transcription factor
assay kit (Cayman Chemical), respectively, according to the
manufacturers’ guidelines.

2.14. Blood biochemical analyses

Activities of plasma alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST), as well as plasma triacylglycerol
(TG), were measured using kits (L-Type Wako ALT, L-Type
Wako AST, and L-Type Wako TG M, respectively), each
obtained from FUJIFILM Wako Pure Chemical.

2.15. Liver tissue lipid levels

Liver homogenate was prepared at 4 °C with a kit (lipid droplet
isolation kit; Cell Biolabs) using a homogenizer, essentially as
described above in section 2.8. The resulting homogenate was
centrifuged at 20 000g at 4 °C for 3 h. TG and proteins in the
supernatant were determined using kits [L-type Wako TG M
and protein assay reagents (Bio-Rad Laboratories), respectively]
according to the manufacturers’ guidelines.

2.16. Plasma and faecal sesaminol contents

Plasma was filtered through a 0.45 μm filter, and the filtrate
was subjected to HPLC. Faeces (20–100 mg) were suspended in
4 volumes of 80% v/v ethanol and dispersed by shaking at
1500 rpm for 10 min with glass beads (0.5 mm in diameter,
100 μL) in a plastic tube using Multi-BeadsShocker (Yasui
Kikai; Osaka, Japan), followed by centrifugation at 20 000g at
4 °C for 10 min. The supernatant was filtered through a
0.45 μm filter and mixed with an equal volume of 80% v/v
ethanol, followed by HPLC analysis. Analytical HPLC con-
ditions were as follows: HPLC apparatus, Shimadzu
Prominence HPLC system (Shimadzu; Kyoto, Japan); column,
J′ Sphere ODS-H80 (4.6 × 150 mm, YMC, Kyoto, Japan);
column temperature, ambient (25 °C); solvent A, 0.1% v/v tri-
fluoroacetic acid in water; solvent B, 0.1% v/v trifluoroacetic
acid in a 9 : 1 v/v mixture of acetonitrile and H2O; and flow
rate, 0.7 mL min−1. The column was equilibrated with 55%
B. After injection, the column was isocratically developed with
55% B for 3 min, followed by linear gradients from 55% B to
65% B in 8 min and then 65% B to 100% B in 1 min. The
column was then washed with 100% B for 3 min, followed by a
linear gradient from 100% B to 55% B in 1 min. The column
was then developed with 55% B for 5 min for equilibration.
The chromatograms were obtained with detection at 280 nm
using a photodiode array model SPD M-20A UV-visible detector
(Shimadzu). The retention time of the sesaminol was 8.5 min
under these HPLC conditions. The detection limits of sesami-
nol in plasma and faeces were 0.04 μg mL−1-serum and 0.4 μg
g−1-faeces, respectively.

2.17. Statistical analysis

Data were assessed using ANOVA with the Tukey–Kramer post
hoc comparison test and are expressed as means ± SD.
Statistical analysis was performed using GraphPad Prism ver 6.0
(GraphPad Software; San Diego, CA, USA). Significance was set
at p < 0.05. Mouse sample size was calculated using a power
analysis, which indicated that 8 animals per group were
required to detect a 25% difference among means, considering
a standard deviation of 20% for basic in vivo data,32 an α error
of 0.05, and power of 0.8 (80%). The other sample size was
established considering the probability (p = 1/2) of an increase
or decrease occurring in the variables of interest. Thus, consid-
ering the significance level of p = 0.03, the minimum number of
samples used in the statistical analysis was p = (1/2)events; so, if
n = 4 (1/2)5 or p = 0.03 (falls within the range of p < 0.05).33
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3. Results
3.1. Evaluation of antioxidant and prooxidant activities of
sesaminol

The antioxidant and prooxidant activities of sesaminol were
evaluated and compared with those of sesamin (a structural
analogue of sesaminol without a hydroxy group) and quercetin
(a representative antioxidant phytochemical), using the
luminol chemiluminescence extinction assay25 and plasmid
DNA nicking activity assay,26 respectively. The latter assay
measures generation of the most detrimental ROS, hydroxyl
radical,34,35 as the change of the electrophoresis pattern of a
plasmid DNA, which is indicative of prooxidant activity.

When the luminol chemiluminescence extinction assay was
carried out with sesamin, the intensity of luminescence hardly
decreased at 1 and 100 μM (Fig. 3A). In contrast, either sesami-
nol or quercetin decreased the intensity of luminescence in a
concentration-dependent manner. The intensity of lumine-
scence decreased to about 50% of the control reaction with
10 μM sesaminol or quercetin, and even to the basal level
(control without oxidant) with 100 μM (Fig. 3A). This was com-
parable to the results with a positive control, ethylenediamine-
tetraacetic acid (EDTA), showing extinction to 99% at the same
concentration (Fig. 3A). These results suggest that sesaminol
has a comparable antioxidant activity to that of quercetin or
EDTA, whereas sesamin lacks such activity.

When plasmid DNA (pBR322) was incubated in the pres-
ence of copper chloride and sesamin, followed by agarose gel
electrophoresis and staining, plasmid DNA was detected as the
covalently closed circular (ccc) form (Fig. 3B), suggesting that
the plasmid DNA was not converted to the nicked form, which
is caused by hydroxyl radical generation. When plasmid DNA
was incubated with sesaminol and copper chloride, less than
10% of the plasmid was detected as linear form, whereas the
rest (more than 90%) was detected as the ccc form (Fig. 3B). In
sharp contrast, when plasmid DNA was incubated with querce-
tin and copper chloride, the plasmid was detected as the
nicked or linear form, whereas the ccc form was not detected
(Fig. 3B). These results strongly suggest that while both
sesamin and sesaminol display little pro-oxidant activity, quer-
cetin has detectable prooxidant activity in the presence of
Fenton-like reaction reagents. Taken together, sesaminol
showed high antioxidant activity, like quercetin, but only very
low prooxidant activity, like sesamin.

3.2. Body weight and general observations

Acclimated, 8-week-old mice were randomly divided into
4 groups (groups C, S, E, and ES; n = 8 per group) and bred in
parallel for 14 days with different feeding programs in terms of
ethanol and sesaminol content. There was no sudden death,
no loss of appetite, and no immobility among the mice used,
and thus no mice dropped out. There were no significant
differences between group C and the other groups in terms of
initial and final body weights and the courses of body weight
changes (Fig. 4).

When plasma and faecal sesaminol contents of the mice of
these four groups (n = 3 for each group) were measured at the
experimental endpoint (on day 15), no detectable level of sesa-
minol could be found in the plasma of any mouse examined,
whereas a very low level of sesaminol (2.67 ± 1.44 μg g−1

faeces) was found in the mice of group ES (ESI Table 3†).

Fig. 3 Antioxidant and prooxidant activities of sesamin, sesaminol, and
quercetin. (A) Evaluation of antioxidant activity. Luminol was incubated
with the compounds indicated in the figure, and luminol chemilumines-
cence was recorded according to the experimental procedures. The
data are expressed as means ± SD (n = 3). Chem., chemical. (B)
Evaluation of prooxidant activity. Plasmid DNA pBR322 was incubated
with the compounds indicated in the figure and applied to gel electro-
phoresis, followed by visualization according to the experimental pro-
cedures. The ccc form represents non-oxidised plasmid DNA, both the
nicked and linear forms represent oxidised DNA.

Fig. 4 Body weight changes during the experiment. Group C, open
circles; group S, closed circles; group E, red squares, and group ES, blue
triangles. Body weights are measured every week. The data are
expressed as means ± SD (n = 8). Significant differences between group
C compared with other groups in terms of initial, every week, and final
body weights, were assessed using ANOVA with the Tukey–Kramer test.
See the text for the experimental details.
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3.3. Effects of oral sesaminol administration on ethanol-
induced lesions of mouse colon

The colonic epithelia of the mice of groups C, S, E, and ES
were stained with HE (Fig. 5A) and TB (Fig. 5B), and immuno-
stained using anti-MUC2 antibody (Fig. 5C), followed by micro-
scopic examination. The colonic epithelia of the mice of group
E showed an architectural alteration with a thinner mucosal
layer when compared with those of group C (Fig. 5A and B).
Consistent with this, the colonic tissues of the mice of group E
showed a reduced level of mucus secretion due to a decreased
number of goblet cells (Fig. 5B and C). The colonic epithelia of
the mice of group ES showed a decreased degree of disorder,
whereas no appreciable disorder could be observed in those of
groups C and S (Fig. 5A–C). When microscopic lesion scores of
the gut tissues (colonic epithelium, colonic crypts, submucosa,
and mucosa) were compared among these four groups, the
highest scores were obtained with group E (Fig. 5D). The score
of group ES was significantly lower than that of group E, but
slightly higher, though not significantly, than those of groups
C and S, which showed no lesion (Fig. 5D).

3.4. Effects of oral sesaminol administration on ethanol-
induced oxidative stress in mouse colon

We previously showed that chronic oral administration of
ethanol in mice increases oxidative stress in colonic tissues.17

Thus, to examine the effects of oral administration of sesami-
nol on the chronic ethanol-induced colonic oxidative stress,
colonic oxidative stress marker levels were measured in the
four groups.

Immunohistochemical staining results showed that the
highest colonic 8-OHdG level was obtained in the mice of group
E, followed by those of group ES, whereas no appreciable levels
of 8-OHdG were detected in the mice of groups C and S
(Fig. 6A). These results were further quantitatively confirmed by
ELISA results (Fig. 6B). The colonic levels of MDA + HAE as
markers for lipid peroxidation were also analysed. The
highest value was obtained in group E, followed by group ES,
which showed a slightly higher value than groups C and S
(Fig. 6C).

Chronic administration of excess ethanol has been reported
to elevate levels of CYP2E14,5,12,13,36,37 and iNOS38 causing
ethanol-induced oxidative stress in the liver and other tissues
in experimental animals. Moreover, the nuclear factor ery-
throid 2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) system
is widely involved in the protection of cells from oxidative
injury.39,40 Thus, the levels of these proteins (CYP2E1, iNOS,
and HO-1) in colonic tissues of the mice of the four groups
were examined by means of WB analysis. The results showed
that the colonic level of CYP2E1 in group E was significantly

Fig. 5 Effects of oral sesaminol administration on ethanol-induced
colonic lesions on microscopic evaluation. Colonic tissue sections of
the mice on day 15 were observed microscopically. (A) HE-stained
images at 400× magnification, (B) TB-stained images at 400× magnifi-
cation, and (C) MUC2 immunohistochemically stained images at 400×
magnification; (a) group C, (b) group S, (c) group E, and (d) group ES. (D)
The microscopic lesion scores were evaluated as described in the
Materials and methods. The scores are expressed as means ± SD (n = 5).
*p < 0.05 versus group C, †p < 0.05 versus group S, #p < 0.05 versus
group E as assessed by ANOVA with the Tukey–Kramer test.

Fig. 6 Effects of oral sesaminol administration on ethanol-induced oxi-
dative stress markers (8-OHdG and MDA + HAE) in colonic tissues. (A)
The 8-OHdG immunohistochemical staining of colon section images at
400× magnification. (a) Group C, (b) group S, (c) group E, and (d) group
ES. (B) The 8-OHdG levels in colonic tissue extracts were determined by
ELISA, and the relative percentages of the 8-OHdG levels are shown
with the level obtained with a group C subject taken to be 100%. (C) The
MDA + HAE levels in colonic tissue extracts were determined, and the
relative percentages of the MDA + HAE levels are shown with the level
obtained in a group C subject taken to be 100%. The data are expressed
as means ± SD (n = 5). *p < 0.05 versus group C, †p < 0.05 versus group
S, #p < 0.05 versus group E as assessed by ANOVA with the Tukey–
Kramer test.
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higher than the levels observed in group C and other groups,
with no significant difference in CYP2E1 levels among groups
C, S, and ES (Fig. 7A and B). These observations were also the
case for the colonic iNOS levels (Fig. 7A and B). In contrast,
the colonic level of HO-1 in group E was significantly lower

than in group C and other groups, with no significant differ-
ence in HO-1 levels among groups C, S, and ES (Fig. 7A and B).

The observation that the HO-1 level was decreased in group
E prompted further analysis of the activation levels of Nrf2
transcription factor, which is the major regulator for cytopro-
tective programs which activate HO-1 gene expression during
cellular responses to oxidative stress.40 The results showed that
the activation level of Nrf2 was significantly decreased in
group E compared with group C and restored to the control
level in group ES, whereas the activation level in group S was
comparable with the control (Fig. 7C).

3.5. Effects of oral sesaminol administration on ethanol-
induced colonic inflammation in mouse colon

It has been reported that chronic consumption of excess
ethanol may accelerate inflammation of colonic tissues to
potentially promote tumourigenesis.41 Thus, whether oral
sesaminol administration prevents ethanol-induced colitis was
examined by determining the expression levels of inflamma-
tory cytokines (TNF-α and IL-6) and a chemokine (MCP-1)41 in
colonic lamina propria of the mice of the four groups by
means of qRT-PCR and ELISA. NF-κB activation analysis was
also carried out in these mice because this transcription factor

Fig. 8 Effects of oral sesaminol administration on ethanol-induced
colonic inflammatory marker levels and NF-κB transcriptional activity in
mice. The mRNA levels of (A) TNF-α, (B) IL-6, and (C) MCP-1 were ana-
lysed by qRT-PCR and are shown as relative values with the respective
mRNA level of a subject of group C taken to be 1.0. The protein levels of
(D) TNF-α, (E) IL-6, and (F) MCP-1 were measured by ELISA. (G) NF-κB
p65 activation levels in colonic tissue extracts were determined by
ELISA, and the relative NF-κB p65 activation levels are shown with
absorbance at 450 nm. The data are expressed as means ± SD (n = 5).
*p < 0.05 versus group C, †p < 0.05 versus group S, #p < 0.05 versus
group E as assessed by ANOVA with the Tukey–Kramer test.

Fig. 7 Effects of oral sesaminol administration on the levels of ethanol-
induced oxidative-stress proteins (iNOS, CYP2E1, HO-1) and transcrip-
tion factor protein (Nrf2) in colonic tissues. (A) WB analyses of iNOS,
CYP2E1, HO-1, and β-actin (from top to bottom) in colonic tissue
extracts of the mice of groups C, S, E, and ES. Lanes 1–3, group C; lanes
4–6, group S; lanes 7–9, group E; and lanes 10–12, group ES. (B) Protein
expression levels of iNOS, CYP2E1, and HO-1 were analysed by WB. The
band intensities were measured by densitometry and normalised to
β-actin. The relative band intensities (-fold) are shown with the intensity
obtained with a subject of group C taken to be 1.0. The data are
expressed as means ± SD (n = 5). (C) Nrf2 activation levels were deter-
mined by ELISA in colonic tissue extracts, whose protein concentrations
were identical (1 μg μL−1) among the four groups. The data are expressed
as means ± SD (n = 5). *p < 0.05, **p < 0.01 versus group C, †p < 0.05,
††p < 0.01 versus group S, #p < 0.05 versus group E as assessed by
ANOVAwith the Tukey–Kramer test.
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is known to be involved in the expression of genes that regu-
late inflammation and is activated by exposure of immune
cells to inflammatory cytokines.41

The results showed that the expressions of TNF-α, IL-6, and
MCP-1 in colonic tissues of the mice of group E were all signifi-
cantly higher than those of groups C and S, as analysed by
qRT-PCR (Fig. 8A–C) and ELISA (Fig. 8D–F). These colonic inflam-
mation marker levels in group ES showed higher (but not signifi-
cant) tendencies than in group C, but were significantly lower
than the levels in group E, whereas those in group S were all com-
parable with the control levels based on both methods (Fig. 8A–
F). Consistently, the NF-κB p65 activation level was significantly
higher in group E than in groups C and S, whereas the level was
significantly lower in group ES than in group E (Fig. 8G). The acti-
vation level in group S was comparable with that in group C.

3.6. Effects of oral sesaminol administration on ethanol-
induced gut tight-junction dysfunction and leakiness

Acetaldehyde, which accumulates during oxidative ethanol
metabolism, is known to disrupt intestinal TJs via dissociation
of colonic epithelial TJ proteins (ZO-1, occludin, and claudin-
1) from the cytoskeleton.8,42,43 This results in the loss of cell–
cell adhesion and an increased permeability to bacterial toxins
(lipopolysaccharides, LPS) from the colonic lumen into the sys-
temic circulation and potentially causes endotoxemia.8

Therefore, whether oral sesaminol administration affects the
ethanol-induced gut barrier dysfunction was examined by ana-
lysing the levels of colonic epithelial TJ proteins and plasma
LPS levels in the mice of the four groups.

The results indicated that the colonic tissues of the mice of
group E showed significantly decreased levels of the three TJ
protein species compared with those of groups C and S (Fig. 9A
and B). In group ES, the levels of these protein species were
slightly lower, but not significantly, than in group C, but signifi-
cantly higher than in group E, whereas the levels in group S
were comparable with the control. Consistently, the plasma LPS
level of the mice of group E was significantly higher than the
levels of group C and other groups, with no significant differ-
ence in plasma LPS levels among groups C, S, and ES (Fig. 9C).

3.7. Effects of oral sesaminol administration on ethanol-
induced liver dysfunction and oxidative stress

The effects of sesaminol administration on ethanol-induced
liver dysfunction in the four groups of mice were also exam-
ined. The liver to body weight ratio of the mice on day 15 was
significantly higher in group E than in group C, and this
increase was significantly suppressed in group ES (Table 1),
whereas the ratio in group S was comparable to that in
group C.

On HE and oil red O staining, a slightly irregular arrange-
ment of hepatocytes (indicative of histological liver injury) and
elevated fat accumulation in liver were observed in group E
and, to a lesser extent, in group ES, but they were not observed
in group S when compared with group C (ESI Fig. 1A and B†).

Plasma ALT and AST levels, as well as plasma and hepatic
TG levels, were significantly higher in group E than the control

values. In group ES, these values were only slightly higher (for
plasma AST and plasma, hepatic TG levels) or significantly
higher (for plasma ALT and liver/body weight ratio (g/g, %))
than the control values, but comparable to the control values
in group S (Table 1).

The content of 8-OHdG in the liver was higher in the mice
of group E than in the other three groups, as analysed by
ELISA using hepatic mtDNA (ESI Fig. 2A and B†).

Fig. 9 Effects of oral sesaminol administration on the expression levels
of gut TJ proteins (ZO-1, occludin, and claudin-1) and the plasma LPS
level. (A) WB images of ZO-1, occludin, claudin-1, and β-actin (from top
to bottom) in the colonic tissue extracts of the mice (n = 3 in each
group) of group C (lanes 1–3), group S (lanes 4–6), group E (lanes 7–9),
and group ES (lanes 10–12). (B) Intensities of protein bands in WB
images (A) were normalised to that of β-actin in each subject, and the
relative band intensities are shown with a subject in group C taken to be
1.0; the data are expressed as means ± SD (n = 5). (C) The plasma LPS
concentrations were measured by means of the limulus amebocyte
lysate assay, and the data are expressed as means ± SD (n = 5). *p <
0.05, **p < 0.01 versus group C, †p < 0.05, ††p < 0.01 versus group S,
#p < 0.05 versus group E as assessed by ANOVA with the Tukey–Kramer
test.
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4. Discussion

The primary objective of this study was to examine the poten-
tials of dietary phytochemicals44 to lower the risk of ER-CRC,
the pathogenesis of which has been proposed to involve
ethanol-induced oxidative-stress and inflammation in the
colon and rectum, as well as gut leakiness.2 We hypothesised
that oral administration of sesaminol lowers the risk of
ER-CRC because this lignan is known to have strong anti-
oxidant activity by itself.18,19 In the present study, the anti-
oxidant activity of sesaminol, which was comparable with that
of quercetin, a well-known phytochemical antioxidant, was
confirmed by the luminol chemiluminescence extinction
assays (Fig. 3A). The plasmid DNA nicking activity assay results
showed that quercetin displays an appreciable level of prooxi-
dant activity, consistent with previous observations.45,46

Remarkably, however, sesaminol was distinguished from quer-
cetin by the fact that it showed only very low prooxidant
activity under the same assay conditions (Fig. 3B).
Subsequently, it was shown that oral administration of sesami-
nol suppresses colonic oxidative stress caused by chronic
ethanol administration, attenuating ethanol-induced colitis
and gut leakiness in mice, and these observations strongly
supported our hypothesis.

It would be important to note, however, that only trace
amounts of sesaminol could be detected in the faeces col-
lected from the mice of groups S and ES during the experi-
ments, suggesting that most of the ingested sesaminol is con-
verted to other metabolite(s) after absorption in the small
intestine, followed by xenobiotic metabolism in the liver and/
or by the action of colonic microbiota. In relation to this, in
rats, ingested sesamin (i.e., 2′-deoxysesaminol) was reported to
be excreted in urine and faeces within 24 h after ingestion,
and the excreted amounts corresponded to 0.02% and 9.33%
of the amount of the ingested sesaminol, respectively.47 It has
also been reported that sesaminol was converted to 5″-methyl-
ated sesamin-6-catechol and sesaminol-6-catechol in the rat
liver, and very interestingly, the antioxidant activities of these
metabolites were 1.6-fold higher than the original lignans.48

Sesaminol was also reported to be metabolised by rat colonic
microbiota to produce tetrahydrofuranoid metabolites,47

which were shown to weakly inhibit ROS-producing P450 cyto-
chromes such as CYP1A2 and CYP2C9.49 Thus, the effects of
oral sesaminol administration on mice observed in the present
study could arise not only from sesaminol itself, but also from
metabolites that were generated from sesaminol as a result of
mouse and microbial metabolism.

To examine the potential of oral sesaminol administration
to lower the ER-CRC risk, the levels of colonic oxidative stress,
colonic inflammation, colonic lesions, and gut leakiness were
analysed in the mice of groups C, S, E, and ES. In the first
step, the effects of chronic oral administration of excess
ethanol were confirmed by comparing the results with the
mice of groups E and C, and the results obtained were all con-
sistent with our previous findings.16,17 Namely, higher colonic
levels of 8-OHdG (Fig. 6A and B) and lipid peroxidation
(Fig. 6C) were found in group E than in group C. Consistently,
the mice of group E displayed higher levels of CYP2E1 and
iNOS in the colonic tissues than in group C (Fig. 7A and B),
which potentially gave rise to higher ROS levels.4,5,12,13,36,37,39

Thus, chronic oral administration of excess ethanol induced
oxidative stress in the mouse colon. In the present analysis,
the colonic HO-1 level in group E was found to be rather lower
than that in group C (Fig. 7A and B), consistent with a
decreased level of the colonic Nrf2 level in group E (Fig. 7C),
implying that the oxidative-stress response in the mouse gut
might be undermined after 2-week chronic administration of
excess ethanol. The mice of group E showed higher levels of
inflammation in the colonic tissues than those of group C, as
shown by the elevated colonic levels of an inflammation-
related transcription factor (NF-κB), cytokines (TNF-α and
IL-6), and a chemokine (MCP-1) (see Fig. 8), which most likely
arose from the ethanol-induced oxidative stress mentioned
above.2,6,7,17 In addition, the mice of group E showed more
severe colonic lesions (i.e., higher colonic lesion scores;
Fig. 5D), consistent with the elevated levels of inflammation
mentioned above, with a lower number of goblet cells to cause
a thinner mucosal layer than those of group C (Fig. 5C).
Moreover, elevated plasma LPS levels of the mice of group E,
consistent with the increased gut leakiness in this group of
mice, were found.8–10 It was observed that chronic oral admin-
istration of excess ethanol resulted in decreased levels of mul-

Table 1 Characterization of liver functions of mice on day 15

Valuea

Group (n = 8 per each group)

C S E ES

Body weight (g) 25.7 ± 0.6 25.3 ± 0.4 25.0 ± 1.1 25.1 ± 0.6
Liver/body weight ratio (g/g, %) 3.23 ± 0.29 3.52 ± 0.25 4.38 ± 0.39**, †† 3.77 ± 0.29 *,#

Liver TG (mg g−1 of protein) 54.9 ± 10.9 58.9 ± 5.0 104.5 ± 11.5**, †† 66.0 ± 8.5##

Plasma AST (U L−1) 38.3 ± 5.3 40.5 ± 5.7 51.5 ± 7.0**, †† 44.1 ± 4.1
Plasma ALT (U L−1) 30.3 ± 5.9 31.6 ± 4.8 63.8 ± 7.0***, ††† 45.3 ± 5.6**,†, ##

Plasma TG (mmol L−1) 0.49 ± 0.11 0.47 ± 0.07 0.70 ± 0.10**, †† 0.57 ± 0.07#

a Values of eight independent biological replicates are expressed as the mean ± SD. Data were assessed using ANOVA with Tukey–Kramer test. *p
< 0.05, **p < 0.01, and ***p < 0.001: versus group C, †p < 0.05, ††p < 0.01, and †††p < 0.001: versus group S, #p < 0.05, ##p < 0.01: versus group E. TG,
triglyceride; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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tiple TJ proteins (ZO-1, occludin, and claudin-1) in the mouse
colonic epithelia (Fig. 9A and B). Although the mechanism by
which the decrease of these proteins took place remains to be
examined, it is likely related to the suggested gut leakiness in
group E.

The effects of oral administration of sesaminol alone were
then examined by comparing the results with the mice of
groups S and C. It was found that the mice of group S were
indistinguishable from those of group C in terms of colonic
levels of oxidative stress markers (8-OHdG and MDA + HAE)
and related proteins (CYP2E1, iNOS, HO-1, and Nrf2), as well
as inflammation-related markers (TNF-α, IL-6, MCP-1, and NF-
κB), colonic lesion scores, goblet cell numbers, mucosal layer
thickness, and TJ protein contents in colonic epithelia, and
plasma LPS levels.

The effects of oral sesaminol administration on the above-
mentioned ethanol-induced alterations in the mouse colon
were subsequently examined by comparing the results with the
mice of group ES, group E, and other groups. The results
showed that the ethanol-induced generation of colonic oxi-
dative stress, colonic inflammation, colonic lesions, and gut
leakiness were all partly, though not fully, suppressed in the
mice of group ES, indicating that oral administration of sesa-
minol could prevent the above-described ethanol-induced
alterations in the mouse colon, as summarised in Fig. 10.

More specifically, the colonic levels of 8-OHdG and lipid
peroxidation (MDA + HAE) in group ES were significantly lower
than those in group E, but slightly higher than those in groups
C and S (Fig. 6), indicating that oral sesaminol administration
partly suppressed the ethanol-induced oxidative stress in the
mouse colon. This might, at least partly, arise from the anti-
oxidant activities of sesaminol and/or related metabolites (see
above) that were delivered to the colonic tissues (Fig. 10). This
might also be explained in terms of lower levels of CYP2E1

and iNOS, as well as higher levels of Nrf2 and HO-1, in the
colonic tissues of the mice of group ES than in those of group
E (see also Fig. 7), although the mechanistic aspects of the
effects of oral sesaminol administration on the expressions of
these oxidative stress-related proteins remain to be analysed.
The mice of group ES showed lower levels of inflammation in
the colonic tissues, as shown by the lower levels of an inflam-
mation-related transcription factor (NF-κB), cytokines (TNF-α
and IL-6), and a chemokine (MCP-1) (Fig. 8), which most likely
arose from the suppression of ethanol-induced oxidative stress
(see Fig. 10).

The colonic tissues of the mice of group ES showed lower
lesion scores (Fig. 5D), consistent with the lower levels of
inflammation. The colonic tissues of the mice of group ES had
larger numbers of goblet cells and showed a thicker mucosal
layer than those of the mice of group E (Fig. 5A–C; see also
Fig. 10). Plasma LPS levels of the mice of group ES were lower
than those of group E and slightly higher than the levels of
groups C and S (Fig. 9C), suggesting that gut leakiness
induced by acetaldehyde in the in vitro model42,43,50 could be
partly circumvented by oral sesaminol administration (Fig. 10).
This observation could be partly explained in terms of partial
recovery of TJ protein levels in the colonic tissues in the mice
of group ES (Fig. 9A and B).

In the present study, it was also observed that oral sesami-
nol administration dramatically suppressed signs of alcoholic
liver disease that arose from chronic administration of excess
ethanol. Namely, it prevented ethanol-induced liver enlarge-
ment (Table 1), steatosis (ESI Fig. 1B and Table 1†), and liver
injury (ESI Fig. 1A†), consistent with the fact that the levels of
plasma ALT and AST and 8-OHdG in hepatic mtDNA were sig-
nificantly lower in the mice of group ES than in those of group
E (Table 1 and ESI Fig. 2†). Of note, it was recently suggested
that sesaminol induces brown and beige adipocyte formation
in high-fat diet-conditioned mice,51 and this might be related
to the observed suppression of steatosis by oral sesaminol
administration. It might be possible that improvement of liver
functions via oral sesaminol administration also plays an
indirect role in prevention of ethanol-induced colonic oxidative
stress, colonic inflammation, colonic lesions, and gut leaki-
ness (Fig. 10).

Gut leakiness and plasma LPS pathways might also be
targets to treat patients with alcoholic liver disease (ALD).52 In
hepatic immune cells (involving Kupffer cells), plasma LPS
causes excessive inflammatory signalling to be induced by
TLR4, with the latter being proposed as a therapeutic target
for the treatment of chronic ALD (Fig. 10).53

One of the limitations of the present study is that whether
the observed effects of oral sesaminol administration arose
from sesaminol itself, its metabolite(s), or both was not clari-
fied. Determination of the chemical structures of sesaminol-
related metabolites produced in mice would be an important
issue to be addressed in future studies. Moreover, the observed
effects of oral sesaminol administration may not only arise
from the antioxidant activities of sesaminol and its metab-
olites, but also from other mechanisms. For example, dietary

Fig. 10 Hypothesis of the preventive effects of sesaminol and/or
related metabolites against ethanol-oxi induced dative stress in the
colon.
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polyphenols have recently been shown to have the ability to
modulate expression of microRNAs, which may be partially
relevant to their physiological effects.54 The ability of sesami-
nol and its metabolites to modulate expression of microRNAs
in animal cells, however, remains to be clarified. In addition,
the minimal amount of dietary supplementation of sesaminol
to prevent and lower ER-CRC risk should be determined in
future studies. Finally, the gut microbiota play an important
role in maintaining gut functions and have been shown to
change with long-term chronic ethanol consumption.
However, the effects of oral sesaminol administration on gut
microbiota structures remain uncertain and will be addressed
in future studies.

5. Conclusions

Sesaminol serves as an antioxidant with very low prooxidant
activity. Dietary supplementation of sesaminol may lower the
risk of ER-CRC by suppressing ethanol-induced oxidative
stress, inflammation, and injury in the colon and rectum, as
well as gut leakiness, which have been proposed to be impor-
tant steps in ER-CRC pathogenesis.
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