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Abstract

Chronic ethanol consumption is a risk factor for colorectal cancer, and ethanol-induced
reactive oxygen species have been suggested to play important roles in the pathogenesis of
ethanol-related colorectal cancer (ER-CRC). In this study, the effects of 10-week chronic
administration of ethanol on the colonic levels of oxidative stress and advance glycation end
product (AGE) levels, as well as fecal microbiota structures, were examined in a mouse
model. Chronic oral administration of ethanol in mice (1.0 mL of 1.5% or 5.0% ethanol (v/v)
per day per mouse, up to 10 weeks) resulted in the elevation of colonic levels of oxidative
stress markers (such as 8-hydroxy-2’-deoxyguanosine and 4-hydroxynonenal) compared to
control mice, and this was consistently accompanied by elevated levels of inflammation-
associated cytokines and immune cells (Th17 and macrophages) and a decreased level of
regulatory T (Treg) cells to produce colonic lesions. It also resulted in an alteration of mouse
fecal microbiota structures, reminiscent of the alterations observed in human inflammatory
bowel disease, and this appeared to be consistent with the proposed sustained generation
of oxidative stress in the colonic environment during chronic ethanol consumption.
Moreover, the first experimental evidence that chronic ethanol administration results in ele-
vated levels of advanced glycation end products (AGEs) and their receptors (RAGE) in the
colonic tissues in mice is also shown, implying enhanced RAGE-mediated signaling with
chronic ethanol administration. The RAGE-mediated signaling pathway has thus far been
implicated as a link between the accumulation of AGEs and the development of many types
of chronic colitis and cancers. Thus, enhancement of this pathway likely exacerbates the

PLOS ONE | https://doi.org/10.1371/journal.pone.0246580 February 12, 2021

1/20


https://orcid.org/0000-0002-1723-7173
https://doi.org/10.1371/journal.pone.0246580
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0246580&domain=pdf&date_stamp=2021-02-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0246580&domain=pdf&date_stamp=2021-02-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0246580&domain=pdf&date_stamp=2021-02-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0246580&domain=pdf&date_stamp=2021-02-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0246580&domain=pdf&date_stamp=2021-02-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0246580&domain=pdf&date_stamp=2021-02-12
https://doi.org/10.1371/journal.pone.0246580
https://doi.org/10.1371/journal.pone.0246580
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Effects of chronic ethanol administration on colonic tissues and microbiota structures in mice

funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

ethanol-induced inflammatory states of colonic tissues and might at least partly contribute to
the pathogenesis of ER-CRC.

Introduction

Chronic ethanol consumption has been shown to be one of the major risk factors for colorectal
cancer (CRC) [1, 2]. Previous colonoscopic screening results of Japanese alcoholic men, who
are chronic ethanol consumers, showed colorectal adenoma in 54.5% of these subjects and
intramucosal and invasive CRCs in 5.9% [3]. The mechanism by which chronic ethanol con-
sumption increases CRC risk has been under examination. Chronic ethanol consumers retain
ethanol in their blood for prolonged periods, which equilibrates between blood and tissues [4].
It has been proposed that ethanol and its metabolites promote inflammation and oxidative
stress of the colon and rectum via multiple pathways [2, 5, 6], which leads to CRC. In the colo-
rectal epithelial cells, ethanol oxidation, coupled with the mitochondrial electron transport sys-
tem, coincidentally gives rise to the formation of reactive oxygen species (ROS) [7, 8].
Inflammation and ROS may cause DNA damage that initiates their malignant transformation
[2, 5-8] and lipid peroxidation that mediates the formation of carcinogenic etheno-DNA
adducts [9]. However, there are few studies using animal models that have examined the effect
of long-term chronic administration of ethanol on the pathophysiological processes in the gut
[10], although there are numerous animal studies about its effect on hepatic disorders (see [11]
for example).

In 2016, we analyzed and compared the gut microbiota structures of alcoholic and non-
alcoholic people to identify the ecophysiological consequences of alcoholism on human gut
microbiota [12]. The results showed that the gut microbiotas of alcoholics were in a dysbiosis
state, in which obligate anaerobes (such as Bacteroides and ruminococci) decreased, and facul-
tative anaerobes (such as streptococci and bacterial species belonging to Enterobacteriaceae)
were enriched. Because obligate anaerobes are generally more susceptible to ROS than faculta-
tive anaerobes, these observations were consistent with the proposed sustained formation of
ROS and ROS-induced oxidative stress in the colonic environment during chronic ethanol
consumption. The effects of chronic oral administration of ethanol on colonic oxidative-stress
and inflammatory markers remain to be clarified in detail; thus, examination of these aspects
would provide important information for insights into the pathogenesis of ethanol-related
CRC (ER-CRQ).

Advanced glycation end products (AGEs) are a group of heterogeneous compounds formed
via non-enzymatic glycation/glycoxidation of proteins [13, 14]. Increased accumulation of
AGEs is at least in part related to ROS-induced oxidative stress. AGEs bind to their specific
receptors (RAGE) to mediate diverse cellular responses, which include multiple pathological
effects associated with oxidative stress and inflammation via downstream signaling and tran-
scriptional activation, inducing chronic inflammatory diseases (e.g., inflammatory bowel dis-
eases (IBDs)) [14-16], genomic instability, and cancer initiation [17]. However, the extent that
chronic consumption of ethanol contributes to the accumulation of AGEs in the colorectal tis-
sues in humans remained to be examined, and, thus, the role of colorectal AGEs and RAGE, if
any, in the pathogenesis of ethanol-related CRC (ER-CRC) has been unclear.

In this study, to obtain insights into the ROS-related pathogenesis of ER-CRC, the effects of
chronic ethanol administration on the levels of colonic oxidative-stress and inflammatory
markers and AGEs/RAGE, as well as fecal microbiota structures, were comprehensively inves-
tigated in mice.
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Materials and methods
Animals

Prior to the initiation of this work, all animal-related experiments were approved by the Ethi-
cal Committee for Animal Experimentation of Kobe Gakuin University, Kobe, Japan (approval
number, A17-54). As required by the Guidelines for Proper Conduct of Animal Experiments
by the Science Council of Japan, methods and procedures were used to minimize pain and/or
distress of all animals used in this study.

C57BL/6NCr male mice (6-7 weeks old) were obtained from SLC (Hamamatsu, Japan).
Upon arrival, mice had an average weight of 21.5 + 1.4 g at 6-7 weeks of age. All mice were
housed, one mouse per cage, in an animal breeding room of SPF level, Animal Experimenta-
tion 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 negative for all of them. Food and water were available ad libi-
tum. Upon arrival and throughout the study, mice were fed a defined AIN93 (M) rodent chow
(SLC) to control the amount of phytochemicals in their diet.

Experimental design

Three groups of 8-week-old mice (8 mice/group per experiment) were randomly assigned to
one of three groups, and each group was orally gavaged daily with one of the following: 1.0 mL
of water (control group); 1.0 mL of 1.5% ethanol (v/v), which corresponded to an ethanol dos-
age of 0.5-0.6 g ethanol/kg body weight/day (1.5% ethanol group); and 1.0 mL of 5.0% ethanol
(v/v), which corresponded to an ethanol dosage of 1.7-2.0 g ethanol/kg body weight/day (5.0%
ethanol group). Sample sizes (n = 8) were based on a previous report of a chronic ethanol
administration experiment [18]; the required sample number for each analysis was calculated,
and a minimum sample size of n = 4-5/group was found to be necessary for sufficient statistical
power.

To evaluate the continuous intake of a fixed amount of ethanol, gavage was performed once
per day using a FG5202K (silicon 20-gauge) disposable feeding needle (AS ONE, Osaka,
Japan) from the beginning at 8 weeks of age until the mice reached 10 weeks of age (2-wk sub-
jects; 24 mice, 8 mice per group) or 18 weeks of age (10-wk subjects; 24 mice, 8 mice per
group) (see S1 Fig for experimental design). Gavage was conducted in the laboratory room of
SPF level in the above-mentioned facility. It should be noted that one 10-wk subject of the
5.0% EtOH group appeared to show severe clinical wasting and was removed from the study at
week 4 of the experiment to minimize pain and discomfort according to the humane
endpoints.

At the experimental endpoints (i.e., week 2 and week 10), the mice were anesthetized by
their initial exposure to 4% isoflurane (FUJIFILM Wako Pure Chemical, Osaka, Japan) using
an anesthesia vaporizer (Muromachi Kikai, Tokyo, Japan) followed by sustained exposure to
3% isoflurane. Mice were sacrificed painlessly and subjected to necropsy. Blood was collected
from the abdominal aorta, and separate sections of each liver, cecum, and colon were excised,
washed, and stored for histological, biochemical, enzyme-linked immunosorbent assays (ELI-
SAs), and gene expression analyses.

Biochemical analysis

Blood samples were treated with 10 IU/mL heparin sodium (Nacalai Tesque, Kyoto, Japan).
Plasma was obtained by centrifuging the blood at 1000 x g for 15 min at 4°C. Activities of
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plasma alanine aminotransferase (ALT) and aspartate 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.

Liver tissue lipid levels

Liver homogenate was prepared at 4°C with a kit (Lipid Droplet Isolation kit; Cell Biolabs, San
Diego, CA, USA) using a Polytron homogenizer (model 1300D; Central Scientific Commerce,
Tokyo, Japan), in which tissues were homogenized 5 times using a loose pestle for 10 sec each
time, followed by homogenization using a tight pestle for 5 times for 10 sec each time. The
resulting homogenate was centrifuged at 20,000 x g at 4°C for 3 h. Triglycerides and proteins
in the supernatant were determined using kits [L-type Wako TG M and protein assay reagents
(Bio-Rad Laboratories, Hercules, CA, USA), respectively] according to the manufacturers’
guidelines.

Histology

Tissue samples from the liver, the small intestine, and the colon were fixed overnight in 4%
(v/v) neutral formaldehyde solution (Nacalai Tesque) and embedded in paraffin. Tissue slices
(4 pm in thickness) were subjected to the following staining: hematoxylin/eosin (HE; for liver,
small intestine, colon), Oil red O (for liver), and Toluidine Blue (TB; for small intestine and
colon). These procedures were outsourced to Kyodo Byori (Kobe, Japan). Finally, these histol-
ogy specimens were observed using a model VH-8000 microscope (KEYENCE, Osaka, Japan).

Microscopic evaluation of colonic lesions

For each animal, five parts were randomly taken from colonic tissue section samples and sub-
jected to microscopic evaluation. Semi-quantitative degrees of inflammation of the colonic
lumen were graded from 0 (the absence of inflammation) to 11 (the severest inflammation)
according to the sum of the scores based on the following observations: (a) loss of mucosa
architecture (score, 0-3); (b) cellular infiltration (score, 0-3); (c) muscle thickening (score,
0-3); (d) crypt abscess formation (score, 0-1); and (e) goblet cell depletion (score, 0-1) [19,
20].

Immunohistochemical and immunofluorescence staining

Slices (4 pm in thickness; see above) of colonic tissue sections 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 deparaffinized by washing in xylene for 5 min, 3 times, and dehydrated
in a series of graded concentrations 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 temperature in the same buffer for 20 min, followed by washing with 1x Tris-
buffered saline containing 0.1% Tween 20 at room temperature for 1 min.

Immunohistochemical staining showed that endogenous peroxidase activity was blocked
by incubation of the slices with 3% H,O, for 5 min. The slices were then incubated with 2%
bovine serum albumin in phosphate buffered saline for 30 min, followed by incubation at 4°C
overnight with one of the following primary antibodies: rabbit anti-intestinal mucin 2
(MUC2) polyclonal antibody (Abcam, Cambridge, UK), rabbit anti-8-hydroxy-2’-deoxygua-
nosine (8-OHdG) monoclonal antibody (Abcam), rabbit anti-AGE polyclonal antibody
(Abcam), rabbit anti-RAGE polyclonal antibody (Abcam), rabbit anti-nitrotyrosine
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monoclonal antibody (Zymed Laboratories Inc, South San Francisco, CA, USA), and rabbit
anti-4-hydroxynonenal (4-HNE) monoclonal antibody (NIKKEN SEIL, Tokyo, Japan). Subse-
quently, the slices were incubated with the biotinylated goat anti-rabbit IgG antibody (Abcam)
for 20 min at room temperature. Inmune complexes were visualized by peroxidase-catalyzed
oxidation of diaminobenzidine (Dojindo Laboratories, Kumamoto, Japan), and the sections
were counterstained with hematoxylin. These procedures were outsourced to Kyodo Byori.
Immuno-positive cells were observed by microscopic examination in randomly selected high-
power fields (400X) of these histology specimens using a model VH-8000 microscope
(KEYENCE).

The deparaftinized section slices (see above) were also used for immunofluorescence detec-
tion of retinoic acid receptor-related orphan receptor-yt (RORyt), forkhead box protein P3
(Foxp3), F4/80 (F4/80 refers to a 160-kD glycoprotein expressed by murine macrophages),
and inducible nitric oxide synthase (iNOS), as follows. The slices were incubated with 2%
bovine serum albumin in phosphate buffered saline for 30 min, followed by incubation at 4°C
overnight with one of the following primary antibodies: rat monoclonal anti-mouse RORyt
antibody (Abcam), rat monoclonal anti-mouse FoxP3 antibody (eBioscience, San Diego, CA,
USA), rabbit monoclonal anti-mouse CD4 antibody (Abcam), rabbit polyclonal anti-mouse
iNOS antibody (GeneTex, Irvine, CA, USA), and rat monoclonal anti-mouse F4/80 antibody
(BMA Biomedicals, August, Switzerland). Subsequently, the slices were incubated with goat
anti-rabbit Alexa Fluor 488 (for rabbit primary antibodies) or goat anti-rat Alexa Fluor 568
(for rat primary antibodies) (both from Thermo Fisher Scientific, Waltham, MA, USA).
4’,6-Diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) was used to stain nuclei.
Isotype controls were used for all assays. These procedures were outsourced to Kyodo Byori.
Immuno-positive cells were observed by microscopic examination in randomly selected high-
power fields (400X) of these histology specimens using a model BZ-X700 fluorescence micro-
scope (KEYENCE).

Flow cytometry analysis

Mouse colonic tissues were cut into small fragments and shaken in Hank’s balanced salt solu-
tion containing 10% fetal bovine serum and 5 mM EDTA at 37°C for 25 min. These small frag-
ments were them subjected to treatment with Tissue (Tumor) Dissociation/Single Cell
isolation kit (101 Bio LLC, CA, USA) for 10 min according to the manufacturer’s guidelines.
The cells were collected by centrifugation and stored in BAMBANKER (GC LYMPHOTEC,
Tokyo, Japan) in liquid nitrogen.

Single cell suspensions were pre-incubated with purified rat anti-mouse CD16/CD32
(FcyRIII/FcyRII) blocking antibody (BD Biosciences, San Jose, CA, USA) for 10 min on ice,
followed by incubation for 30 min at 4°C with a combination of the following fluorescence-
labeled rat anti-mouse monoclonal antibodies: CD11b-FITC (Abcam) and F4/80-PE (BioLe-
gend, San Diego, CA, USA).

CDA4" cells were purified from the isolated single cells by positive selection using MACS
SmartStrainers (70 um) and a MiniMACS Separator Kit (Miltenyi Biotec, Bergisch Glabach,
Germany). For staining of intracellular Foxp3, cells were subjected to treatment with a FlowX
FoxP3 Fixation & Permeabilization Buffer kit (R&D Systems, Minneapolis, MN, USA) accord-
ing to the manufacturer’s instructions. CD4" cells were incubated with blocking antibody (BD
Bioscience) for 10 min on ice, followed by incubation with the following rat monoclonal anti-
bodies: anti-mouse CD4-FITC antibody (BD Biosciences), anti-Foxp3-PE antibody (BioLe-
gend), and ant-RORYt-PE antibody (Thermo Fisher Scientific), anti-CD45-PECy7 antibody
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(BioLegend). Dead cells were excluded after staining them with 7-aminoactinomycin D
(7-AAD) (BioLegend).

Cells were analyzed using a BD FACSCanto flow cytometer (BD Biosciences), and the
results were analyzed with BD FACSDiva software (BD Biosciences).

Cells were chilled on ice until fluorescence activated cell sorting. The following gating strat-
egies were used to identify specific cell populations (see also S2 Fig). The CD45" mature leuko-
cyte populations were identified by CD45-side scatter gating, in which dead cells that were
stained with 7-AAD were excluded. The CD45" CD4" T lymphocytes were gated with anti-
RORyt-PE and anti-Foxp3-PE to identify Th17 cells and Treg cells. The CD45" CD11b" cell
populations were gated with F4/80-PE to identify macrophages. Two-parameter density plots
were used to monitor changes in relative abundance of CD45" specific cells populations.

ELISA

Colonic tissue samples were homogenized with M-PER Mammalian Protein Extraction
Reagent (Pierce, Rockford, IL, USA) supplemented with a recommended dilution of a protease
inhibitor cocktail (Nacalai Tesque) using a homogenizer (see above), followed by centrifuga-
tion at 4°C. The protein concentration of the supernatant was determined using a protein
assay reagent (Bio-Rad Laboratories). DNA was isolated from the supernatant using a DNAzol
Reagent (Thermo Fisher Scientific) according to the manufacturer’s guidance. The levels of
8-OHdG, 3-nitrotyrosine, 4-HNE, Foxp3, AGEs, and RAGE in the supernatant were respec-
tively quantified using the following ELISA kits: OxiSelect oxidative DNA damage ELISA kit
(Cell Biolabs), OxiSelect Nitrotyrosine ELISA kit (Cell Biolabs), OxiSelect HNE adduct com-
petitive ELISA kit (Cell Biolabs), FoxP3 ELISA Kit (CLOUD-CLONE, Katy, TX, USA), OxiSe-
lect AGE Competitive ELISA Kit, and Mouse RAGE Quantikine ELISA Kit (R&D Systems).

qRT-PCR

Total RNA was extracted from colonic tissue samples using TRIzol Reagent (for RNA extrac-
tion; Invitrogen). First strand cDNA was synthesized at 37°C for 60 min from 1 pg of total
RNA using a ReverTra Ace-o first strand cDNA synthesis kit (Toyobo, Osaka, Japan) using a
thermal cycler (Gene Amp PCR System model 9700; Applied Biosystems, Carlsbad, CA). The
mixture was then incubated at 94°C for 5 min to inactivate the enzyme, followed by incubation
at 4°C. To quantify tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), interleukin 17A (IL-
17A), monocyte chemotactic protein-1 (MCP-1), and B-actin mRNAs, quantitative reverse tran-
scription-PCR (qRT-PCR) was performed using a LightCycler System (Roche Diagnostics,
Mannheim, Germany) and LightCycler Fast Start DNA Master Plus SYBR Green 1 (Roche
Diagnostics). Thermal cycling conditions were as follows: 45 cycles at 95°C for 10 sec, 60°C for
10 sec, and 72°C for 10-20 sec. Nucleotide sequences of QRT-PCR primers are listed in S1
Table.

Sequencing of bacterial 16S rRNA gene amplicons, processing raw data,
and data analysis

DNA isolation from mouse feces. Mouse feces (4 mice/group) were collected at weeks 2
and 5 by means of fecal disimpaction. The collected fecal samples were immediately mixed
with an appropriate volume of RNAprotect Bacteria Reagent (Qiagen, Tokyo Japan) and
stored at —-80°C until analysis. Bacterial genomic DNAs were extracted as follows. After thaw-
ing, the fecal samples were subjected to centrifugation at 8000 x g for 10 min. The precipitate
was suspended in 200 pl of 10 mM Tris-HCl/1 mM EDTA (TE) buffer, pH 7.0, containing 15
mg/mL lysozyme (Sigma-Aldrich, St. Louis, MO, USA). After incubation of the mixture at
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37°C for 1 h, 200 pl of achromopeptidase (4000 units/mL, FUJIFILM Wako Pure Chemical)
were added, and the mixture was further incubated at 37°C for 30 min. Subsequently, 400 pl of
a mixture containing 2 mg/mL of proteinase K and 2% sodium dodecyl sulfate were added,
and the resulting mixture was incubated at 55°C for 1 h. The mixture was then treated with
phenol/chloroform/isoamyl alcohol (Life Technologies Japan, Tokyo, Japan), followed by
treatment with RNase A (FUJIFILM Wako Pure Chemical), as described previously [12]. DNA
was precipitated by adding an equal volume of a mixture of 20% polyethylene glycol 6000 and
2.5 M NaCl followed by centrifugation at 8000 x g at 4°C, washed with 75% ethanol, and dis-
solved in TE.

16S rRNA sequencing, processing of raw sequence data, and data analyses. The 16S
rRNA amplicon sequences were deposited in DDB]J under the accession number DRA010530.
The V1-V2 region of the 16S rRNA gene was amplified using a 27 modFw and 338Rv primers
(for nucleotide sequences of primers, see ref [12]). The PCR amplicons were pyrosequenced as
described previously [12]. Processing of raw sequence data and data analyses [operational tax-
onomic Unit (OTU) analysis and UniFrac distance analysis] were completed as described pre-
viously [12]. In the OTU analysis, the 16S reads were clustered with a pair-wise identity cutoff
of 96%. Sequence similarity thresholds of 70% and 97% were applied to the phylum and genus
assignments, respectively.

Statistical analysis

Data were assessed using a paired ¢-test, Welch’s ¢ test for comparisons between two groups or
ANOVA with Tukey-Kramer post-hoc comparisons, and were expressed as mean + SD. Statis-
tical analysis was performed using GraphPad Prism ver 6.0 (GraphPad Software Inc., San
Diego, CA). Two-tailed values of p< 0.05 were considered significant.

Results
Characterization of mice with chronic oral administration of ethanol

Body weight and liver functions. Eight-week-old mice were orally gavaged daily for 10
weeks with 1.0 mL of water (the control group), 1.0 mL of 1.5% ethanol (v/v) (the 1.5%-ethanol
group), or 1.0 mL of 5.0% ethanol (v/v) (the 5.0%-ethanol group) (see Materials and methods
for details). During the course of the experiment, there were no significant differences among
the three groups in terms of the initial and final body weights, as well as the course of body
weight changes (Fig 1).

The liver to body weight ratio (g/g, %) and plasma ALT, as well as AST activities, were sig-
nificantly higher with the higher ethanol dosage at weeks 2 and 10 (Table 1). Plasma and
hepatic triglyceride levels were also significantly higher with the higher ethanol dosage at
weeks 2 and 10. HE- and oil red O-stained histological images of liver tissues of mice were also
examined at week 10 using microscopy. All of these observations consistently indicated liver
injury and fatty liver in mice with chronic oral administration of ethanol (S3 Fig for oil red O-
staining images).

Colonic lesions. The colonic mucosa of the three groups at weeks 2 and 10 was stained
with HE (Fig 2A) or TB (Fig 2B) or immunostained using anti-MUC2 antibody (Fig 2C) and
observed by microscopy. The colonic mucosa of the mice that received the higher dosage of
ethanol for longer periods showed architectural alterations with a thinner mucosal layer (Fig
2A and 2B), which at least in part arose from reduced mucus secretion (Fig 2C), probably due
to reduced goblet cell number. The gut tissues (colonic epithelium, as well as colonic crypts,
submucosa, and mucosa) of the three groups were also were also evaluated (see Materials and
methods for details) by their microscopic lesion scores. The results showed that the lesion
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Fig 1. Course of body weight changes during the experiment. Eight-week-old mice were orally gavaged daily with 1.0 mL/day of water (control, black
circles), 1.0 mL/day of 1.5% (v/v) ethanol (the 1.5%-ethanol group, red squares), and 1.0 mL/day of 5.0% (v/v) ethanol (the 5.0%-ethanol group, blue
triangles) for 10 weeks (horizontal arrow). Body weights were measured every week. The data are expressed as means +SD (n = 7 to 8) for each group
and assessed using ANOVA with the Tukey-Kramer test.

https://doi.org/10.1371/journal.pone.0246580.9001

scores of colonic tissues (crypts, submucosa, and mucosa) were significantly higher with the
higher ethanol dosage and longer periods of ethanol administration (Fig 2D).

Effects on colonic oxidative-stress markers. The effects of chronic oral administration of
ethanol on the levels of oxidative-stress markers (i.e., 8-OHdG, 4-HNE, and nitrotyrosine) in
the colonic tissues in mice by ELISA (Fig 3A-3C). Immunohistochemical staining with
marker-specific antibodies of colonic lamina propria was also examined (S4 Fig). The results
were compared among the three groups (i.e., the 1.5%-ethanol, the 5.0%-ethanol, and the con-
trol groups).

At week 2, the 8-OHdG levels were higher with the higher ethanol dosage. At week 10, the
8-OHdG level in the 5.0%-ethanol group was lower than that in the 1.5%-ethanol group,
although the levels of both ethanol groups were significantly higher than of the control (Fig
3A). For the 4-HNE levels, the levels appeared to be increased in an ethanol dose- and time-
dependent manner (Fig 3B), although only the elevation of the 4HNE level in the 5.0%-ethanol
group at week 10 was significant. There were no significant changes in the 3-nitrotyrosine lev-
els during the course of chronic oral administration of ethanol in the three groups (Fig 3C).

Colonic inflammatory markers

Cytokine and chemokine mRNA levels. The mRNA levels of inflammatory cytokines
(TNF-a, IL-6, and IL-17A) and the chemokine MCP-1 in mouse colonic lamina propria were
determined by means of qRT-PCR, and the results were compared among the three groups.
The expression levels of TNF-a,, IL-6, IL-17A, and MCP-1 mRNAs in colonic tissues were
higher with the higher ethanol dosage when the results were compared at week 2 (Fig 4A-4D).
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Table 1. Characterization of mice with chronic oral administration of ethanol.

Value® 2-wk Group

Con 1.5% EtOH 5.0% EtOH p value

(n=8) (n=8) (n=8)

Body weight (g) 252+1.0 25308 24.9+0.6 ns
Liver/body weight ratio 3.66 £ 0.26 391 +£0.21 4.35+0.19 < 0.01
(/8. %)
Hepatic triglyceride 23.1+£5.0 284 +2.1 36.6 £3.3 < 0.01
(TG (pg)/liver weight (g))
Plasma AST (U/L) 36.1 £5.7 40.5+8.1 523+79 < 0.01
Plasma ALT (U/L) 243 +2.7 38.0 +6.8 56.8 + 16.6 < 0.01
Plasma TG (umol/L) 0.52 +0.15 0.63 +0.13 0.73 +0.15 < 0.05
Value® 10-wk Group®

Con 1.5% EtOH 5.0% EtOH p value

(n=28) (n=28) (n=7)

Body weight (g) 269+1.5 26.7+0.9 26.3+0.7 ns
Liver/body weight ratio 3.70 £0.20 3.89+0.17 4.07 £0.18 <0.01
(/g %)
Hepatic triglyceride 22.1+2.6 26.8 2.1 30.1+2.2 <0.01
(TG (pg) / liver weight (g))
Plasma AST (U/L) 33.9+45 39.5+2.7 434 +5.6 < 0.05
Plasma ALT (U/L) 22.6+£2.7 27.1+23 341+49 < 0.01
Plasma TG (pmol/L) 0.45 + 0.05 0.57 £ 0.07 0.65 + 0.10 < 0.01

* Values of seven to eight independent biological replicates are expressed as the mean + SD. Data were assessed using ANOVA with Tukey-Kramer test.
b Orally gavaged daily for 2 weeks (2 wk) or 10 weeks (10 wk) with 1.0 mL water (Con), 1.0 mL of 1.5% (v/v) ethanol (1.5% EtOH), or 1.0 mL of 5.0% (v/v) ethanol (5.0%

EtOH).

ns, not significant; TG, triglyceride; AST, aspartate aminotransferase; ALT, alanine aminotransferase.

https://doi.org/10.1371/journal.pone.0246580.t001

For the 1.5%-ethanol group, the expression levels of these mRNAs, except for IL-17A, were
higher at week 10 than at week 2. For the 5.0%-ethanol group, the expression levels of these
four mRNAs at week 10 were lower than those obtained at week 2.

Inflammation-associated immune cells. The relative abundances of Th17 cells [as CD4"
CD45" RORyt-positive (RORyt") cells], Treg cells [as CD4™ CD45" Foxp3-positive (FoxP3™)
cells], and macrophages (as CD11b* CD45" F4/80-positive cells) in colonic lamina propria tis-
sues were analyzed by flow cytometry. (Fig 5A-5F, respectively by flow cytometry analysis; see
also S5-S7 Figs for immunofluorescence staining images (RORyt", Foxp3™, and F4/80™ cells,
respectively). The relative abundance of Th17 cells was significantly increased in both ethanol
groups at week 2. However, the values were markedly decreased at week 10 in the 5%-ethanol
group (Fig 5A and 5D). The relative abundance of Treg cells decreased significantly in an etha-
nol dose- and time-dependent manner with chronic ethanol administration (Fig 5B and 5E).
For the 1.5%-ethanol group, the relative abundance of macrophages increased with increasing
periods of chronic ethanol administration; however, for the 5%-ethanol group, the abundance
of these cells at week 10 was lower than the value at week 2 (Fig 5C and 5F).

AGEs and RAGE levels. The relative changes of AGEs and RAGE levels were evaluated
by ELISA using the colonic tissue extracts (Fig 6A and 6B; see also S8 Fig for immunohisto-
chemical staining images of colonic lamina propria probed with the AGEs- and the RAGE-
specific antibodies). The ELISA results showed that the AGEs and RAGE levels of colonic tis-
sues were elevated with chronic oral administration of ethanol. At week 2, the AGEs levels of
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Fig 2. Microscopic observation of colonic mucosa and evaluation of colonic lesions formed with chronic oral administration of
ethanol in mice. Eight-week-old mice were orally gavaged daily with 1.0 mL/day of water (Con), 1.0 mL/day of 1.5% (v/v) ethanol (1.5%
EtOH), or 1.0 mL/day of 5.0% (v/v) ethanol (5.0% EtOH) for 10 weeks. At weeks 2 and 10 (2 wk and 10 wk, respectively), representative
colonic tissue sections were observed microscopically. (A) HE staining images at 400X magnification, (B) TB staining images at 400X
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magnification, and (C) MUC2 immunohistochemical staining images at 400X magnification. (D) The microscopic lesion scores were
evaluated as described in Materials and Methods. The scores are expressed as means +SD (n = 5). **p<0.01 and ***p<0.001, versus 2 wk
Con as assessed by ANOVA with the Tukey-Kramer test. “p<0.01 for 2 wk 5.0% EtOH versus 10 wk 5.0% EtOH as assessed by the paired
t-test.

https://doi.org/10.1371/journal.pone.0246580.9002

the 5.0%-ethanol group were significantly higher than the levels of the other two groups (Fig
6A). However, the AGEs level at week 10 of the 5.0%-ethanol group was lower than the level of
the same group at week 2. For the 1.5%-ethanol group, there appeared to be a trend of a time-
dependent elevation in the AGEs levels, though this was not significant. Similar observations
were obtained on the RAGE levels (Fig 6B). Specifically, at week 2, the RAGE levels of the
5.0%-ethanol group were significantly higher than the levels of other two groups. The RAGE
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Fig 3. Effects of chronic oral administration of ethanol on the levels of colonic oxidative stress markers in mice. (A) 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 2-wk Con subject taken to be 100%. (B) The 4-HNE levels in colonic tissue extracts were determined by ELISA, and the
relative percentages of the 4-HNE levels are shown with the level obtained with a 2-wk Con subject taken to be 100%. (C) The nitrotyrosine
levels in colonic tissue extracts were determined by ELISA, and the relative percentages of the 3-nitrotyrosine levels are shown with the
level obtained with a 2-wk Con subject taken to be 100%. The data are expressed as means +SD (n = 5). *p<0.05, **p<0.01, and
***p<0.001; versus 2 wk Con as assessed by ANOVA with the Tukey-Kramer test. “*p<0.001 for 2 wk 5.0% EtOH versus 10 wk 5.0%
EtOH, as assessed by the paired t-test. For abbreviations for ethanol-administration conditions, see the legend to Fig 2.

https://doi.org/10.1371/journal.pone.0246580.9003
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Fig 4. Effects of chronic oral administration of ethanol on colonic mRNA levels of inflammatory marker proteins in mice on qRT-PCR.
The mRNA levels of (A) TNF-a, (B) IL-6, (C) MCP-1, and (D) IL-17A are shown as relative values with the respective mRNA level of a 2-wk
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the paired t-test. For abbreviations for ethanol-administration conditions, see the legend to Fig 2.

https://doi.org/10.1371/journal.pone.0246580.9004

levels at week 10 of the 5.0%-ethanol group were lower than the levels of the same group at
week 2. For the 1.5%-ethanol group, there appeared to be a trend for a time-dependent eleva-
tion in the RAGE levels (Fig 6B).

Gut microbiota structures. The microbiotas of the feces obtained from the three groups
(4 mice/group) were characterized at week 0, 2, and 5 and compared with each other (fecal
microbiotas at week 10 could not be analyzed). The fecal species richness (a-diversity) of these
groups was assessed by comparing the number of species-level OTUs among the individuals,
defined as the number of clusters sharing > 96% sequence identity. No significant difference
in the OTU numbers could be found among these three groups (Fig 7A). Phylogenetic diver-
sity was then analyzed among the fecal microbiota structures (i.e., B-diversity) using multivari-
ate methods (namely, principal coordinate analysis; PCoA). The UniFrac-PCoA analyses
showed no appreciable clustering of the gut microbiota structures in each group (Fig 7B). The
fecal mictobiota phylogenies were then compared among the three groups at the phylum level.
In order of decreasing abundance, the common phyla in the fecal microbiota of control mice
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see the legend to Fig 2. For experimental details, see Materials and methods.

https://doi.org/10.1371/journal.pone.0246580.g005

were Firmicutes, Bacteroidetes, and Deferribacteres (Fig 8A). Although the same phyla were
found at week 5 in feces of the 1.5%-ethanol and 5.0%-ethanol groups, Firmicutes formed a sig-
nificantly smaller proportion in the 1.5%-ethanol group than in control mice, whereas Deferri-
bacteres formed a significantly smaller proportion in the 1.5%-ethanol and 5.0%-ethanol
groups than in control mice (Fig 8B). The relative abundances of Bacteroidetes and Proteobac-
teria were significantly increased at week 5 feces of 1.5%-ethanol and the 5.0%-ethanol groups,
respectively.
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Fig 6. Effects of chronic oral administration of ethanol on AGEs and RAGE levels in colonic tissues in mice. (A) Relative percentages of
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https://doi.org/10.1371/journal.pone.0246580.g006

Discussion

Ethanol is known to induce ROS production and tissue inflammation via a variety of cellular
processes, which are intrinsically linked to carcinogenesis [2, 5, 6]. Our previous results consis-
tently showed that the gut microbiotas of alcoholic patients, a high-risk group for ER-CRC,
were diminished in dominant obligate anaerobes, such as Bacteroides, and enriched in strepto-
cocci and other minor facultative anaerobes, consistent with the proposed chronic ROS
formation in the gut of these patients [12]. The present study confirmed that chronic oral
administration of ethanol indeed resulted in the elevation of the levels of oxidative stress mark-
ers (8-OHAG and 4HNE) from the control level in the colonic tissues in mice (Fig 3). More-
over, the mRNA levels of colonic inflammatory cytokines (TNF-a, IL-6, and IL-17A) and the
chemokine MCP-1 were all elevated from the control level with chronic oral administration of
ethanol (Fig 4A-4D), and the relative abundances of Th17 cells and macrophages in the
colonic tissues were greater in the ethanol groups than in the control (Fig 5D and 5F). The rel-
ative abundances of Treg cells [21] decreased in an ethanol dosage- and time-dependent man-
ner (Fig 5E). All of these observations were consistent with the suggested enhancement of
inflammation of colonic tissues in the ethanol groups. This could also consistently account for
the fact that the colonic tissues of mice that received a higher dosage of ethanol for longer peri-
ods showed a thinner mucosal layer and higher lesion scores (Fig 2), because colorectal lesions
tend to be associated with inflammation [22]. However, chronic long-term (i.e., for 10 weeks)
administration of a high dosage (i.e, 5.0% ethanol (v/v)) of ethanol lowered the levels of a
colonic oxidative stress marker (8-OHdG, see Fig 3A) and colonic inflammatory cytokines
(Fig 4), as well as the relative abundances of colonic mature Th17 cells (CD4" CD45" RORyt")
(Fig 5D) and macrophages (Fig 5F), when these levels were compared with those observed
with a shorter-term (i.e., for 2 weeks) or a lower dosage (i.e., 1.5% ethanol (v/v)) of chronic eth-
anol administration. These observations appear to be linked to the observed significant
decrease in the relative abundances of colonic mature Treg cells (CD4" CD45" FoxP3™) with
short-term 5.0% ethanol (v/v) and chronic long-term 1.5% ethanol (v/v) administration
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“WO0C1”, for example, refers to mouse #1 of control group (C) at week 0 (W0), “W2E3” refers to mouse #3 of the 1.5%
ethanol group (E) at week 2 (W2), and “W5X4” refers to mouse #4 of the 5.0% ethanol group (X) at week 5 (W5).

https://doi.org/10.1371/journal.pone.0246580.9007

(Fig 5E). It would be likely that chronic long-term administration of an excess amount of etha-
nol might eventually undermine the gut tissues and immune system functions in mice.

The colonic microbiota of the ethanol groups were found to be enriched in Bacteroidetes
and diminished in Firmicutes and Deferribacters, and that of the 5.0%-ethanol group was
enriched in Proteobacteria and diminished in Deferribacters. These alterations of microbiota
structures with chronic oral administration of ethanol were consistent with those previously
observed with mice administered 5.0% ethanol [23]. It must be mentioned that these alter-
ations were reminiscent of human inflammatory bowel disease [24], which was enriched in
Bacteroidetes, rather than those observed in alcoholic patients (see above and [12]). Changes of
human gut microbiota structure to the alcoholic structure likely occur after many years (even
more than a decade) of habitual drinking and might be difficult to reproduce using mouse
models during the examined periods (i.e., for 10 weeks) of ethanol administration, which likely
resulted in an acute inflammatory state of the colonic tissues (see above). The inability to pre-
cisely reproduce the microbiological consequences of alcoholism using a mouse model may be
in part due to a large longevity gap between mice and humans and could be a limitation of this
study.
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Fig 8. Relative abundances of bacterial phyla in the fecal bacterial communities of the three groups. (A) Relative abundances of
bacterial phyla are compared among individual subjects. For subject names, see the legend to Fig 8 (B). Phyla shown are, from
bottom to top, Firmicutes (F, blue), Bacteroidetes (B, brown), Tenericutes (T, green), Defferibacteres (D, purple), Actinobacteria (A,
sky blue), Proteobacteria (P, orange), Verrucomicrobia (light blue), Streptophyta (pink), and unidentified (black). For convenience
sake, the six top phyla are indicated with one-letter notation on the W0X3 bar. (B) Relative abundances of bacterial phyla are
compared among at week 5 control (red), 1.5%-ethanol (blue), and 5.0%-ethanol (green) groups. Error bars indicate +SD (n = 4)
within the group. *p<0.05 versus control, as assessed by Welch’s ¢-test.

https://doi.org/10.1371/journal.pone.0246580.g008

In the present study, chronic oral administration of ethanol resulted in the elevation of the
levels of AGEs and RAGE in the colonic tissues in mice. Although the detailed mechanism of
the observed elevation of AGEs levels remains to be clarified, the formation of AGEs is known
to be initiated by the formation of highly reactive a-dicarbonyls produced via different
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pathways [13], some of which could potentially arise from chronic ethanol consumption. For
example, ethanol-induced ROS potentially triggers the Namiki and Wolff pathways of a-dicar-
bonyls formation [25, 26]. In addition, the observed enhancement of the 4-HNE levels in the
colonic tissues with chronic ethanol administration (see Results) suggests the formation of
lipid peroxides in the colon, which also serves as a source of reactive carbonyl species responsi-
ble for AGEs formation [27]. Moreover, catabolism of ethanol-induced ketone bodies could
also give rise to the reactive carbonyl species [28]. Additionally, the ingestion of ethanol results
in elevated blood acetaldehyde (AcH) levels, which may lead to the formation of acetaldehyde-
derived AGEs (AcH-AGEs) [29].

On binding of AGEs to RAGE, multiple signaling pathways are activated to cause multiple
pathological effects associated with oxidative stress and inflammation [13, 14]. For example,
binding of AGEs to RAGE activates NADPH oxidase, which catalyzes the production of ROS
to result in an enhancement of cellular oxidative stress [30]. It also activates transcription of
nuclear factor kB (NF-kB), a transcription factor involved in different signaling pathways
including transcription activation of pro-inflammatory cytokines (i.e., TNF-o and IL-6) [31,
32]. TNF-o induces expression of chemokines (i.e., MCP-1) from a variety of leukocytes,
thereby having an indirect migration effect on macrophages [33]. It has been shown that ROS
also activates NF-kB [30], and NF-kB is capable of binding to RAGE [34, 35]. These contribute
to an establishment of a positive feedback cycle of NF-xB expression, which results in a shift
from a pro-inflammatory state to a chronic pathophysiological state [14, 34, 35]. Thus, RAGE-
mediated signaling has been implicated as a link between the accumulation of AGEs and devel-
opment (e.g,, initiation, progression, and metastasis) of many types of cancers by triggering
oxidative stress and chronic inflammatory responses in both humans and mice [14]. The
results of the present ELISA analysis showed elevated levels of RAGE in the colonic tissues of
mice of the 1.5%-ethanol group (at week 10) and of the 5.0%-ethanol group (at week 2). The
enhanced RAGE-mediated signaling pathway could exacerbate the oxidative stress and the
ethanol-induced inflammatory state of colonic tissues and at least partly contribute to
ER-CRC pathogenesis. Further studies are needed to clarify the detailed mechanism of etha-
nol-induced elevation of the AGEs and RAGE levels and the roles of these molecules in
ER-CRC pathogenesis.

Conclusions

In this study, elevations of oxidative stress and inflammatory markers in mice colonic tissues
were seen with chronic ethanol administration. Alteration of fecal microbiota structures of
mice with chronic ethanol administration was reminiscent of those observed in human inflam-
matory bowel disease, which was enriched in Bacteroidetes. Furthermore, chronic ethanol
administration was found to result in elevated levels of AGEs and RAGE in the mice colonic
tissues, implying the possibility that ethanol-induced RAGE signaling exacerbates inflamma-
tion in the colon and partly contribute to the pathogenesis of ER-CRC.

Supporting information
S1 File. ARRIVE guidelines 2.0 author checklist.
(PDF)

S1 Table. Nucleotide sequences of primers used for qRT-PCR.
(TIF)

S1 Fig. Experiment design.
(TTF)
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S2 Fig. Gating strategies for fluorescence activated cell sorting. Flow cytometry panels of
gating processes for isolation of CD4" cells [panels (A) through (E)] and CD11b" cells [panels
(G) through (K)] are shown with their hierarchical strategies [panels (F) and (L), respectively].
(TIF)

S3 Fig. Effects of chronic oral administration of ethanol on the levels of fatty liver in mice
on oil red-O staining. Oil-red O staining of liver sections (at 1,000X magnification) shows
that alcohol induces an increase in hepatic triglyceride levels in both a dose-dependent and a
time-dependent manner.

(TIF)

S4 Fig. Effects of chronic oral administration of ethanol on the levels of colonic oxidative-
stress markers in mice on immunohistochemical staining. Images of colonic lamina propria
after immunohistochemical staining using (A) monoclonal anti-8-OHdG antibody, (B) mono-
clonal anti-4-HNE antibody and (C) monoclonal anti-nitrotyrosine antibody are shown at
400X magnification.

(TIF)

S5 Fig. Effects of chronic oral administration of ethanol on the colonic population of
RORyt-positive cells in mice on immunofluorescence staining. Images of colonic lamina
propria after immunofluorescence staining using anti-CD4 antibody (green), anti-RORyt anti-
body (red), DAPI (blue) and combined fluorescence (merge) are observed with a fluorescence
microscope. (a) 2-wk control, (b) 2-wk 1.5% EtOH, (c) 2-wk 5.0% EtOH, (d) 10-wk control,
(e) 10-wk 1.5% EtOH, and (f) 10-wk 5.0% EtOH.

(TIF)

S6 Fig. Effects of chronic oral administration of ethanol on the colonic population of
Fox3-positive cells in mice on immunofluorescence staining. Images of colonic lamina pro-
pria after immunofluorescence staining using anti-CD4 antibody (green), anti-Foxp3 antibody
(red), DAPI (blue) and combined fluorescence (merge) are observed with a fluorescence
microscope. (a) 2-wk control, (b) 2-wk 1.5% EtOH, (c) 2-wk 5.0% EtOH, (d) 10-wk control,
(e) 10-wk 1.5% EtOH, (f) 10-wk 5.0% EtOH.

(TIF)

S7 Fig. Effects of chronic oral administration of ethanol on the colonic population of F4/
80-positive cells in mice on immunofluorescence staining. Images of colonic lamina propria
after immunofluorescence staining using anti-iNOS antibody (green), anti-F4/80 antibody
(red), DAPI (blue) and combined fluorescence (merge) are observed with a fluorescence
microscope. (a) 2-wk control, (b) 2-wk 1.5% EtOH, (c) 2-wk 5.0% EtOH, (d) 10-wk control,
(e) 10-wk 1.5% EtOH, (f) 10-wk 5.0% EtOH.

(TIF)

S8 Fig. Effects of chronic oral administration of ethanol on AGE and RAGE levels in colonic
tissues in mice on immunohistochemical staining. Images of colonic lamina propria after
immunohistochemical staining using (A) polyclonal anti-AGEs antibody and (B) polyclonal
anti-RAGE antibody are shown at 400X magnification. For abbreviations for ethanol-adminis-
tration conditions, see the legend to Fig 2. For experimental details, see Materials and methods.
(TIF)
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