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ABSTRACT: The intestinal epithelium is derived from intestinal stem cells (ISCs) and has direct contact with nutrients and
toxins. However, whether methionine (Met) or a methionine hydroxyl analogue (2-hydroxy-4-(methylthio)butanoic acid
(HMB)) can alleviate deoxynivalenol (DON)-induced intestinal injury remains unknown. Mice were treated orally with Met or
HMB on days 1−11 and with DON on days 4−8. On day 12, the mice were sacrificed, and the jejunum was collected for crypt
isolation and culture. Mouse enteroids were treated with DON and Met or HMB ex vivo. The results showed that Met and
HMB increased the average daily feed intake and average daily gain of the mice. Met and HMB also improved the jejunal
structure and barrier integrity and promoted ISC expansion, as indicated by the increased enteroid formation efficiency and
area, under DON-induced injury conditions. In addition, DON-induced decreases in ISC activity were rescued Wnt/β-catenin
signaling reactivation by Met or HMB in vivo and ex vivo. Collectively, our findings reveal that Met and HMB alleviated DON-
induced intestinal injury by improving ISC expansion and reactivating Wnt/β-catenin signaling. Our study thus provides a
nutritional intervention for intestinal diseases involving Wnt/β-catenin signaling.
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■ INTRODUCTION

Self-renewal and regeneration are critical for maintaining the
highly dynamic intestinal epithelium, which absorbs nutrients
and protects against constant damage from toxins.1−3 Intestinal
stem cells (ISCs), which maintain intestinal epithelial integrity,
are located in crypts and produce differentiating mature
daughter cells, including goblet cells marked by mucin 2
(MUC2) and Paneth cells marked by lysozyme (LYZ); the
latter secrete pro-proliferative and differentiative factors, such
as Wnts.4,5 Thus, ISC homeostasis, especially for the leucine-
rich repeat-containing G-protein-coupled receptor 5+ (Lgr5+)
crypt base columnar cell (CBC) population, is dependent on
the activity of the Wnt/β-catenin signaling cascade.6,7

The stem cell-based small intestinal epithelium is sensitive to
extracellular stimuli.8,9 As a mycotoxin that commonly
contaminates cereal-based foods or feeds worldwide following
infestation by the fungus Fusarium, deoxynivalenol (DON)
suppresses ISC activity, thereby disrupting cell proliferation;
DON has been associated with enteritis, which is associated
with intestinal integrity disorders.10−12 Recent evidence
suggests that Wnt/β-catenin signaling participates in DON-
induced ISC injury during acute exposure.13 Consequently, a

thorough understanding of the mechanism utilized by DON is
essential for preventing or alleviating intestinal lesions.
ISCs adapt to surrounding niches by acquiring nutrients

from extracellular sources for cell division under physiological
conditions or upon injury, infection, or refeeding.14 Methio-
nine (Met), an essential amino acid whose levels are dictated
by dietary factors, is vital for the mucosal epithelium to
maintain normal digestion and nutrient absorption, as well as
immune surveillance.15−18 Accumulating evidence suggests
that Met and its metabolite are key regulators of ISC
maintenance and differentiation and tissue homeostasis via
the coordination of nutritional status and physiological
processes and Met depletion led to decreases in ISC
proliferation and stem cell marker expression, as well as
reduced Wnt/β-catenin signaling.14,19 Although the intestine
faces the nutritional and toxin-containing environment directly,
whether Met eliminates DON-induced intestinal injury or
Wnt/β-catenin signaling mediates this process is unknown.
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In this study, we show that the availability of Met and its
hydroxyl analogue 2-hydroxy-4-(methylthio)butanoic acid
(HMB) eliminates DON-induced intestinal epithelial injury
in vivo (in mice) and ex vivo (in mouse enteroids) via
promoting ISC expansion by reactivating Wnt/β-catenin
signaling and maintaining intestinal integrity. This work reveals
the role played by Met and its hydroxyl analogues in
promoting the repair of intestinal epithelium injury by DON
and provides a nutritional intervention for bowel diseases
involving Wnt/β-catenin signaling.

■ MATERIALS AND METHODS
Met, HMB, and DON Administration in Mice. HMB was

provided by Adisseo (#BQ4891, purity ≥88%, Rhône-Alpes,
Commentry, France), and L-Met (#M9625) and DON (#D0156)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). A total of
72 male mice were divided randomly into six groups (n = 12): CON
(physiological saline), Met (300 mg/kg BW), HMB (300 mg/kg
BW), DON (2 mg/kg BW), D + M (2 mg/kg BW DON + 300 mg/kg
BW Met), and D + H (2 mg/kg BW DON + 300 mg/kg BW HMB).
The experiment lasted for 12 days: (1) on days 1−3, the Met and D +
M group mice were pretreated with Met, the HMB and D + H group
mice were pretreated with HMB, and the CON and DON group mice
were pretreated with the same volume of physiological saline orally;
(2) on days 4−8, the DON group mice were orally administered
DON, the CON group mice were administered physiological saline,
the Met group mice were administered Met, the HMB group mice
were administered HMB, the D + M group mice were administered
DON and Met, and those in the D + H group were administered
DON + HMB; (3) on days 9−11, the Met and D + M group mice
were administered Met, the HMB and D + H group mice were
administered HMB, and the CON and DON group mice were
administered physiological saline; and (4) on the 12th day, the mice
were euthanized to collect intestine and serum samples. The
experimental design and procedures used in this study were approved
by the Care and Use of Laboratory Animals Committee of South
China Agricultural University (Guangzhou, China).
Crypt Isolation and Culture. The jejunums of mice in each

group were opened longitudinally, washed with Dulbecco’s
phosphate-buffered saline (DPBS), and incubated in DPBS containing
30 mM ethylenediaminetetraacetic acid disodium salt (EDTA, Sigma-
Aldrich, St. Louis, MO, USA); then, fresh DPBS was added until high
purity crypts were acquired. The crypts were cultured in a complete
culture medium, including nearly 90% WRN conditioned medium,
10% fetal bovine serum (FBS), 1× B27 supplement (Invitrogen,
Carlsbad, CA, USA), 10 μM CHIR99021 (Stemgent, Cambridge,
MA, USA), 0.5 μM LY2157299 (Selleck, Houston, TX, USA), 1 mM
N-acetylcysteine (Sigma-Aldrich), 10 mM nicotinamide (Sigma-
Aldrich), 1× N2 supplement (Invitrogen), 50 ng/mL recombinant
murine epidermal growth factor (EGF, PeproTech, Rocky Hill, NJ,
USA), 10 μM SB202190 (Sigma-Aldrich), and 10 μM Y27632
(Stemgent, Cambridge, MA, USA). Enteroid forming efficiency and
area were calculated as described previously.11

Enteroid Treatment ex Vivo. After passage, the mouse enteroids
were grown in a medium for 48 h and then incubated with 30 μg/mL
Met or HMB supplement and 250 ng/mL DON for 72 h. Enteroid
forming efficiency and budding efficiency were calculated as described
previously.13

Hematoxylin and Eosin (H&E) Staining. Jejunum samples were
fixed with paraformaldehyde, washed with phosphate-buffered
solution (PBS), dehydrated with alcohol, embedded in paraffin,
sliced with a slicer, and stained with H&E. Villus height and crypt
depth were measured using Image-Pro Plus software.
Immunohistochemistry. Sections of the jejunum were incubated

with MUC2 (sc-15334, Santa Cruz Biotechnology, USA) and LYZ
(A0099, Dako, Copenhagen, Denmark) antibodies overnight at 4 °C.
Secondary staining was performed with Cy3-conjugated antibodies
(#111-165-045, Jackson Laboratory, Jackson, MS, USA) at room

temperature for 2 h. The nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) for 5 min at room temperature.

Immunofluorescence Confocal Microscopy. The enteroids
were fixed with 4% paraformaldehyde for 30 min, permeabilized with
0.5% Triton X-100 for 10 min, blocked in a protein solution for 20
min, and incubated with primary antibodies for β-catenin (#201328,
Zen BioScience, Chengdu, Sichuan, China) and Ki67 (#NB500-170,
Novus Biologicals, Littleton, CO, USA) overnight at 4 °C and with
FITC- or Cy3-conjugated secondary antibodies (Jackson Laboratory)
for 2 h at room temperature. The nuclei were stained with DAPI for
10 min at room temperature. Fluorescence signals were observed
using a confocal microscope (NIS-Elements, Nikon, Melville, NY,
USA) and analyzed by ImageJ software (version 1.8.0 112, National
Institute of Health, Bethesda, MD, USA).

Detection of Diamine Oxidase and Lipopolysaccharide. The
activity of diamine oxidase (DAO) was determined in the jejunum
and serum using a commercial DAO kit (#A088-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China), and the concen-
tration of lipopolysaccharide (LPS) in the serum was measured using
a commercial ELISA kit (#ml037221, Shanghai Enzyme-Linked
Biotechnology Co., Ltd., Shanghai, China). The procedure was
performed according to the manufacturer’s protocols.

Western Blotting. We performed Western blotting as previously
described.20 Briefly, the proteins of the jejunum and crypt were
separated by 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride
membranes. Then, the membranes were blocked in 5% skim milk and
incubated with primary antibodies against ZO-1 (#339100, Thermo
Fisher, Waltham, MA, USA), claudin-1 (#374900, Thermo Fisher),
Lgr5 (TA503316, OriGene Technologies, Rockwell, MD, USA), T-
cell factor (TCF4, ab130014, Abcam, Cambridge, MA, USA), keratin
20 (KRT20, ab238034, Abcam), Ki67 (NB500-170, Novus Bio-
logicals, Littleton, CO, USA), B cell-specific Moloney murine
leukemia virus insertion site 1 (Bmi1, sc-10745, Santa Cruz, CA,
USA), β-catenin (#201328, Zen BioScience, Chengdu, Sichuan,
China), proliferating cell nuclear antigen (PCNA, #200947, Zen
BioScience), and β-actin (#600149, Zen BioScience). Next, the
membranes were incubated with the anti-rabbit IgG (#7074, Santa
Cruz) and anti-mouse IgG (#7056, Santa Cruz) secondary antibodies.
The band densities were analyzed using ImageJ software (version
1.8.0 112, National Institute of Health, Bethesda, MD, USA).

Automated Capillary Western Blotting (WES). We performed
WES as previously described.9 Briefly, enteroid protein lysates were
mixed with 5× fluorescent master mix and boiled for 5 min. Then, the
samples, blocking reagent, wash buffer, primary antibodies, secondary
antibodies, and chemiluminescent substrate were dispensed into the
designated wells in a manufacturer-provided microplate. Protein
separation was performed automatically in the individual capillaries
using the default settings, and the data were analyzed using Compass
software 3.1 (ProteinSimple, San Jose, CA, USA).

Statistical Analysis. The data were analyzed by SAS (version 9.2;
SAS Institute Inc., Cary, NC) software and are presented as the mean
± SEM. Duncan’s multiple range test was used to evaluate the
differences between groups following a standard one-way ANOVA.
The data with different letters in the same column had statistically
significant differences (P-values < 0.05).

■ RESULTS

Met and HMB Improve the Growth of Mice during
DON Exposure. To elucidate the healing properties of Met
and its hydroxyl analogues on DON-induced growth
retardation or arrest, feed intake, water intake, and weight
gain were monitored during the experiment. The experimental
procedure is shown in Figure 1A. Compared with those of the
DON group, the average daily feed intake (ADFI) (P < 0.05;
Figure 1B) and the average daily gain (ADG) (P < 0.10; Figure
1D) of mice in the D + M and D + H groups were improved.
However, there was no significant difference in the average
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daily water intake (ADWI) among the groups (P > 0.05;
Figure 1C).
Met and HMB Stimulate Intestinal Epithelial Regen-

eration by Increasing ISC Activity. The intestine is the first
organ that responds to DON exposure; thus, DON-induced
intestinal toxicity and the therapeutic efficacy of Met and HMB
are of concern. The results showed that DON had no
significant effect (P < 0.05) on the small intestine length
(Figure 2A) or ileum weight (Figure S1B), but both the
duodenum (Figure S1A) and jejunum weights (Figure 2B)
were reduced significantly (P < 0.05). Interestingly, the
reduction in jejunum weight was significantly reversed by
Met and HMB supplementation (P < 0.05). The jejunum of
mice in the DON group showed severe atrophy and multifocal
apical necrosis of the villi; however, DON and Met or HMB
mice presented well-delineated villi (Figure 2C,D). Corre-
spondingly, compared with mice in the DON group, mice in
the D + M and D + H groups had significantly increased (P <
0.05) villus heights (Figure 2E) and reduced crypt depths
(Figure 2F), which resulted in a greater villus to crypt ratio in
the jejunum (P < 0.05; Figure 2G). Additionally, DON-
induced crypt hyperplasia was improved by Met and HMB
(Figure S2). Met and HMB also increased the expression of
Lgr5 and Bmi1 in DON-treated mice (P < 0.05; Figure 2H,I).
These results suggest that Met and HMB contribute to the
regeneration of injured intestinal epithelium induced by DON.
Considering that the maintenance of intestinal epithelial

integrity depends on ISCs, the jejunal crypts were isolated and
cultured ex vivo. Most of the crypts in each group were rod-

shaped (Figure 2J); however, the expression of Lgr5 and Bmi1
in the crypts was significantly lower in DON-treated mice than
in D + M and D + H mice (P < 0.05; Figure 2K,L). During the
subsequent processes of ISC expansion, we found that both the
enteroid forming efficiency and area were suppressed by DON
exposure and that the inhibition was relieved in the D + M and
D + H groups (P < 0.05; Figure 4M−O); in addition, the
expression of Lgr5 and Bmi1 in the enteroids was higher in the
D + M and D + H groups than in the DON group (P < 0.05;
Figure 2P,Q).

Met and HMB Prevent DON-Induced Intestinal
Barrier Destruction. Due to the inseparability of the
intestinal epithelial structure and function, we evaluated the
intestinal barrier in the jejunal epithelium. The results showed
that the DON-induced decreased DAO activity in the jejunum
and increased DAO activity in the serum were significantly
reversed by Met or HMB supplementation (P < 0.05; Figure
3A,B). Simultaneously, the expression of ZO-1 and claudin-1,
which represent the physical barrier of the intestinal
epithelium, was also significantly upregulated in the jejunum
after Met or HMB supplementation (P < 0.05; Figure 3C-D);
however, supplementation had no effect on LPS concentration
in the serum (P > 0.05; Figure S3). In addition, compared with
that in the DON group, the number of MUC2+ (goblet cell)
(Figure 3E,F) and LYZ+ (Paneth cell) cells (Figure 3G,H),
which are important components of the intestinal epithelial
chemical barrier and immune barrier, respectively, was
significantly increased in the D + M and D + H groups (P <
0.05). Correspondingly, the expression of both ZO-1 and
claudin-1 in D + M and D + H groups was significantly
increased in the crypts (P < 0.05; Figure 3I,J) and enteroids (P
< 0.05; Figure 3K,L) compared with that in the DON group.
The results of claudin-1 immunofluorescence were consistent
with those above. The fluorescence signal intensity of claudin-1
in the enteroids was consistent with that of Western blotting
(P < 0.05; Figure 3M,N).

Met and HMB Rescue the DON-Induced Disturbance
of Wnt/β-Catenin Signaling. Because Wnt/β-catenin signal-
ing regulates ISC activity and intestinal epithelial development,
the changes in Wnt/β-catenin signaling in the jejunum (Figure
4A,B), crypt (Figure 4C,D), and enteroid (Figure 4E,F) were
detected by Western blotting or WES. The results showed that
DON significantly inhibited the expression of β-catenin, TCF4,
cyclin D1, and c-Myc, which was rescued by Met and HMB.
The immunofluorescence for β-catenin in an enteroid was
consistent with the Western blotting results (Figure 4G).
These data suggested that Met and HMB reactivated Wnt/β-
catenin signaling during DON exposure.

Met and HMB Improve Intestinal Cell Proliferation
and Differentiation in Mice Exposed to DON. Intestinal
epithelial regeneration relies on the proliferation and differ-
entiation of ISCs. The results showed that Met and HMB
supplementation significantly increased the expression of
PCNA and Ki67 (proliferating cell markers) and KRT20 (a
terminal differentiation marker) in the jejunum (P < 0.05;
Figure 5A,B), crypts (P < 0.05; Figure 5C,D), and enteroids (P
< 0.05; Figure 5E,F) during DON exposure.

Met and HMB Protect against DON-Induced ISC
Injury ex Vivo. The mouse experiments showed that DON-
induced dysfunction of the intestinal epithelium was associated
with the suppression of Wnt/β-catenin signaling, which was
rescued by reactivating Met and HMB signaling. To confirm
these results, enteroids were treated with DON and Met or

Figure 1. Met and HMB increase the growth of mice exposed to
DON. (A)Experimental procedure. A total of 72 male mice with
similar body weights were assigned randomly to six groups (CON,
Met, HMB, DON, D + M, and D + H). The CON group mice were
treated orally with physiological saline, the Met group mice were
treated orally with Met, the HMB group mice were treated orally with
HMB, the DON group mice were treated orally with DON on days
4−8, the D + M group mice were treated orally with Met on days 1−
11 and DON on days 4−8, and the D + H group mice were treated
orally with HMB on days 1−11 and DON on days 4−8. (B−D)
Average daily feed intake (ADFI) (B), average daily water intake
(ADWI) (C), and average daily gain (ADG) (D) were monitored
during the experiment. The data are the mean ± SEM (n = 12).
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Figure 2. Met and HMB stimulate intestinal epithelial regeneration by increasing ISC activity in mice. (A) Length of the small intestine was
determined in mice. The data are the mean ± SEM (n = 12). (B) Jejunum weight was determined after separation from the intestinal segment. The
data are the mean ± SEM (n = 12). (C) Representative images of H&E staining of the mouse jejunums are shown (200×). Scale bars, 50 μm. The
villus length and crypt depth were measured as indicated in the image. (D) Representative images of scanning electron micrographs of the mouse
jejunums (1000×). Scale bars, 20 μm. (E−G) Statistical analysis of villus height (E), crypt depth (F) and villus to crypt ratio (G) based on the
images shown in (C). The data are the mean ± SEM (n = 6). (H, I) Expression of Lgr5 and Bmi1 was analyzed in the jejunum. The data are the
mean ± SEM (n = 3). (J) Representative images of crypts in the mouse jejunums are shown (100×). (K, L) Expression of Lgr5 and Bmi1 was
analyzed in the crypts. The values are expressed as the mean ± SEM (n = 3). (M) Representative images of enteroids expanded from crypt cells at
24, 48, 72, and 96 h are shown (40×). Scale bars, 500 μm. (N, O) Statistical analysis of enteroid formation efficiency (N) and area (O) based on
the images shown in (M). The data are the mean ± SEM (n = 3). (P, Q) Expression of Lgr5 and Bmi1 was analyzed in the enteroids. The data are
the mean ± SEM (n = 3).
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Figure 3.Met and HMB prevent DON-induced intestinal barrier disruption. (A) DAO activity was analyzed in the jejunum. The data are the mean
± SEM (n = 6). (B) DAO activity was analyzed in the serum. The data are the mean ± SEM (n = 6). (C, D) Expression of ZO-1 and claudin-1 was
analyzed in the jejunum. The data are the mean ± SEM (n = 3). (E) Representative images of immunohistochemistry (IHC) staining with an
MUC2 antibody in the mouse jejunums are shown (200×). Scale bars, 100 μm. (F) Statistical analysis of the number of MUC2+ cells in each villus
based on the images shown in (E). The data are the mean ± SEM (n = 6). (G) Representative images of IHC staining with an LYZ antibody in the
mouse jejunums are shown (200×). Scale bars, 100 μm. (H) Statistical analysis of the number of goblet cells in each villus based on the images
shown in (G). The data are the mean ± SEM (n = 6). (I, J) Expression of ZO-1 and claudin-1 was analyzed in the crypts. The data are the mean ±
SEM (n = 3). (K, L) Expression of ZO-1 and claudin-1 was analyzed in the enteroids. The data are the mean ± SEM (n = 3). (M) Representative
images of immunofluorescence (IF) staining with a claudin-1 antibody in mouse enteroids are shown (200×). Scale bars, 100 μm (upper) and 10
μm (lower). (N) Statistical analysis of the fluorescence signal intensity in the enteroids based on the images shown in (M). The data are the mean
± SEM (n = 3).
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HMB. We found that both Met and HMB resulted in
significant increases in ISC activity, including enteroid
formation and budding efficiency (P < 0.05; Figure 6A−C).
In addition, Met and its hydroxyl analogues resulted in a
significant induction of β-catenin, TCF4, cyclin D1, c-Myc,
Lgr5, Bmi1, Ki67, PCNA, KRT20, ZO-1, and claudin-1
compared to the DON group conditions (P < 0.05; Figure
6D,E). The immunofluorescence results for β-catenin and Ki67
in enteroids were consistent with the WES results (Figure
6F,G).

■ DISCUSSION

Lack of appetite is one of the most important symptoms of
DON poisoning. Our results showed reductions in feed intake
and weight loss that were similar to those in patients or animals
that eat food or feed containing DON.21 The observed growth
disorder may have resulted from a decrease in the absorption
efficiency caused by villi shortening after DON exposure.22,23

Interestingly, these symptoms were significantly improved and
recovered more rapidly in the Met- and HMB-treated groups.

Figure 4. Met and HMB rescue the DON-induced disturbance of Wnt/β-catenin signaling. (A−F) Expression of proteins involved in the Wnt/β-
catenin signaling pathway was analyzed in the jejunum (A, B), crypts (C, D), and enteroids (E, F). The data are the mean ± SEM (n = 3). (G)
Representative images of IF staining with a β-catenin antibody in mouse enteroids are shown (200×). Scale bar, 50 μm.
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Met supplementation not only promotes digestion and
nutrient absorption in the intestinal epithelium by increasing
digestive enzyme activity but also maintains intestinal mucosa
integrity, which contributes to nutrient absorption.24,25 Our
study strongly demonstrated that Met and HMB protected the
intestinal mucosa from injury induced by DON. DON-treated
mice showed severe villus atrophy, epithelial flattening, and
signs of crypt remodeling; however, the DON + Met-treated
and DON + HMB-treated mice were only mildly affected.
Moreover, Met and HMB promoted intestinal recovery
following DON-induced injury, which is reflected in significant
increases in the duodenal and jejunal weights.
Intestinal epithelial integrity is the basis of intestinal barrier

function, whose disruption allows increased penetration of
toxins contained in food or feed that may promote intestinal
disorders.26 Previous studies have confirmed that DON
impairs intestinal barrier function by altering tight junctions
(TJs).23,27 We observed that Met and its hydroxyl analogues
increased the expression of the TJs, including ZO-1 and
claudin-1, in a mouse model system and mouse enteroids after
DON exposure. In addition, the MUC2 and LYZ proteins,
which are secreted from goblet and Paneth cells, respectively,
also limit the exposure of epithelial cells to attack by
endogenous microorganisms and their toxins.28,29 Our study

demonstrated reductions in MUC2+ and LYZ+ cells that
resulted from exposure to DON, which suggested that the
intestinal chemical barrier and the immune barrier were
impaired. The decrease in intestinal DAO activity and the
increase in serum DAO activity also supported this result.
Fortunately, these adverse effects were reversed by Met and
HMB via their stimulation of the expression of the TJ-related
proteins MUC2 and LYZ. This finding is consistent with
previous reports that Met and HMB can protect barrier
function in the small intestinal mucosa.15,24 Surprisingly, the
translocation of LPS from the intestinal lumen to the blood
circulation in DON-treated mice was not affected as previously
described.11

ISCs, which reside in crypts within a local Wnt niche, are
essential for maintaining intestinal epithelial integrity and are
sensitive to external stimuli.30 Wnt/β-catenin activation
contributes to ISC activity in the context of injury, and
Bmi1+ stem cells can replenish the stem cell pool after Lgr5+

stem cells are ablated.6,31,32 Li et al. showed that treatment
with 250 and 500 ng/mL DON for 24 h significantly inhibited
porcine enteroid budding efficiency via suppressing the Wnt/
β-catenin pathway and Lgr5 expression.13 In our study, long-
term exposure to DON inhibited the expression of Lgr5 and
Bmi1 and inactivated Wnt/β-catenin signaling in mice and

Figure 5. Met and HMB improve intestinal cell proliferation and differentiation in mice exposed to DON. (A−F) Protein expression of Ki67,
PCNA, and KRT20 was analyzed in the jejunum (A, B), crypts (C, D), and enteroids (E, F). The data are the mean ± SEM (n = 3).
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mouse enteroids. It is worth noting that Met remotely
influences the regenerative process by controlling ISC activity,
and Bmi1 and Lgr5 overexpression increases the proliferation
of intestinal epithelial cells.14,33,34 In the present study, we
found that DON-induced ISC injury was rescued by Met or
HMB via Wnt/β-catenin signaling reactivation, which
increased Lgr5 and Bmi1 levels and promoted ISC expansion.
The process of ISC expansion involves cell proliferation and

differentiation, which drive intestinal epithelial regeneration.35

Met or HMB eliminated the inhibitory effects of DON on
EdU+ cell proliferation and Ki67, PCNA, and KRT20
expression, suggesting that Met and its hydroxyl analogues
improve ISC proliferation and differentiation. Furthermore, the
changes in MUC2+ and LYZ+ cells also proved the
prodifferentiation effects of Met and HMB. Conversely, Paneth
cells can dynamically shape Wnt/β-catenin signaling to control
ISC activity by secreting Wnts.27

Overall, our results demonstrated that Met and HMB
effectively alleviated intestinal injury induced by DON in mice
and prevented the disruption of intestinal integrity by
increasing Wnt/β-catenin signaling, stimulating ISC expansion,
and enhancing the intestinal barrier (Figure 7). Therefore, Met
and its hydroxyl analogues may serve as potential mitigators of
the effects of DON and may be useful for improving the
therapeutic treatment of DON poisoning.

Figure 6. Met and HMB protect against DON-induced ISC injury ex vivo. (A) Representative images of enteroids at 24, 48, 72, 96, and 120 h
(40×). Scale bars, 500 μm. (B, C) Statistical analysis of enteroid formation efficiency (B) and budding efficiency(C) based on the images shown in
(A). The data are the mean ± SEM (n = 3). (D, E) Protein expression of β-catenin, TCF4, cyclin D1, c-Myc, Lgr5, Bmi1, Ki67, PCNA, KRT20,
ZO-1, and claudin-1 was analyzed in the enteroids. The data are the mean ± SEM (n = 3). (F) Representative images of IF staining with a β-
catenin antibody in mouse enteroids are shown (200×). Scale bars, 50 μm. (G) Representative images of IF staining with a Ki67 antibody in mouse
enteroids are shown (200×). Scale bars, 50 μm.

Figure 7. Met or HMB regulates ISC activity to alleviate intestinal
epithelial injury induced by DON through reactivation of the Wnt/β-
catenin signaling pathway. DON induces intestinal epithelial integrity
disruption via inhibiting ISC expansion and Wnt/β-catenin signaling
activity. Reactivation of Wnt/β-catenin by Met or HMB improves the
proliferation and differentiation of ISCs to promote intestinal
epithelial regeneration.
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(27) Ghareeb, K.; Awad, W. A.; Böhm, J.; Zebeli, Q. Impacts of the
feed contaminant deoxynivalenol on the intestine of monogastric
animals: poultry and swine. J. Appl. Toxicol. 2015, 35, 327−337.
(28) Sato, T.; Van Es, J. H.; Snippert, H. J.; Stange, D. E.; Vries, R.
G.; Van Den Born, M.; Barker, N.; Shroyer, N. F.; Van De Wetering,
M.; Clevers, H. Paneth cells constitute the niche for Lgr5 stem cells in
intestinal crypts. Nature 2011, 469, 415−418.
(29) Smith, N. R.; Davies, P. S.; Levin, T. G.; Gallagher, A. C.;
Keene, D. R.; Sengupta, S. K.; Wieghard, N.; El Rassi, E.; Wong, M.
H. Cell adhesion molecule CD166/ALCAM functions within the
crypt to orchestrate murine intestinal stem cell homeostasis. Cell. Mol.
Gastroenterol. Hepatol. 2017, 3, 389−409.
(30) Andersson-Rolf, A.; Zilbauer, M.; Koo, B. K.; Clevers, H. Stem
cells in repair of gastrointestinal epithelia. Physiology 2017, 32, 278−
289.
(31) Cordero, J. B.; Sansom, O. J. Wnt signalling and its role in stem
cell-driven intestinal regeneration and hyperplasia. Acta Physiol. 2012,
204, 137−143.
(32) Koch, S. Extrinsic control of Wnt signaling in the intestine.
Differentiation 2017, 97, 1−8.
(33) Li, C. M.; Yan, H. C.; Fu, H. L.; Xu, G. F.; Wang, X. Q.
Molecular cloning, sequence analysis, and function of the intestinal
epithelial stem cell marker Bmi1 in pig intestinal epithelial cells. J.
Anim. Sci. 2014, 92, 85−94.
(34) Li, X. G.; Wang, Z.; Chen, R. Q.; Fu, H. L.; Gao, C. Q.; Yan, H.
C.; Xing, G. X.; Wang, X. Q. Lgr5 and Bmi1 increase pig intestinal
epithelial cell proliferation by stimulating Wnt/β-catenin signaling.
Int. J. Mol. Sci. 2018, 19, 1036−1047.
(35) Yin, X.; Farin, H. F.; Van Es, J. H.; Clevers, H.; Langer, R.;
Karp, J. M. Niche-independent high-purity cultures of Lgr5+ intestinal
stem cells and their progeny. Nat. Methods 2014, 11, 106−112.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.9b04442
J. Agric. Food Chem. 2019, 67, 11464−11473

11473

http://dx.doi.org/10.1021/acs.jafc.9b04442

