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SUMMARY

This study shows a novel direct effect of 2’-fucosyllactose, an
abundant oligosaccharide in human milk, in mitigating
apoptosis stimulated by the chemotherapeutic agent
5-fluorouracil in intestinal epithelial cells. The results indicated
that 2’-fucosyllactose ameliorates 5-fluorouracil–induced in-
testinal mucositis by supporting intestinal integrity for pro-
tection against injury.

BACKGROUND & AIMS: Intestinal mucositis, a severe compli-
cation of antineoplastic therapeutics, is characterized by
mucosal injury and inflammation in the small intestine. Ther-
apies for the prevention and treatment of this disease are
needed. We investigated whether 2’-fucosyllactose (2’-FL), an
abundant oligosaccharide in human milk, protects intestinal
integrity and ameliorates intestinal mucositis.

METHODS: A mouse small intestinal epithelial (MSIE) cell line,
mouse enteroid cultures, and human gastrointestinal tumor cell
lines (AGS and HT29) were co-treated with the chemotherapy
agent 5-fluorouracil (5-FU) and 2’-FL. Mice were injected
intraperitoneally with 5-FU to induce intestinal mucositis. 2’-FL
was administered in the drinking water to mice before
(pretreatment) or concurrently with 5-FU injection. Body
weight and pathologic changes were analyzed.

RESULTS: 2’-FL alleviated 5-FU inhibition of cell growth in
MSIE cells, but not in AGS and HT29 cells. The 5-FU–induced
apoptosis in MSIE cells and enteroids was suppressed by 2’-FL.
Compared with 5-FU treatment alone, 2’-FL pretreatment pro-
tected against body weight loss, and ameliorated inflammation
scores, proinflammatory cytokine production, shortening of
villi, epithelial cell apoptosis, goblet cell loss, and tight junc-
tional complex disruption in the small intestine. 2’-FL concur-
rent treatment had less of an effect on intestinal mucositis than
2’-FL pretreatment. Interestingly, no effect of 2’-FL was
observed on 5-FU–induced S-phase arrest in MSIE, AGS, and
HT29 cells. Neither pretreatment nor concurrent treatment
with 2’-FL affected 5-FU–induced inhibition of proliferation in
MSIE cells.

CONCLUSIONS: This study shows a novel direct effect of 2’-FL in
protecting small intestinal epithelial cells against apoptosis
stimulated by 5-FU, which may contribute to prevention of 5-
FU–induced intestinal mucositis. (Cell Mol Gastroenterol Hepatol
2022;13:441–457; https://doi.org/10.1016/j.jcmgh.2021.09.015)

Keywords: 5-Fluorouracil; Human Milk Oligosaccharides; Intes-
tinal Inflammation; Proliferation.
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uman milk contains essential nutrients, including
Abbreviations used in this paper: 2’-FL, 2’-fucosyllactose; 5-FU,
5-fluorouracil; EdU, 5-ethynyl-2’-deoxyuridine; ELISA, enzyme-linked
immunosorbent assay; FBS, fetal bovine serum; FITC, fluorescein
isothiocyanate; HMO, human milk oligosaccharide; IEC, intestinal
epithelial cell; IL, interleukin; LPS, lipopolysaccharide; MPO, myelo-
peroxidase; mRNA, messenger RNA; MSIE, mouse small intestine
epithelial cells; NMR, nuclear magnetic resonance; PBS, phosphate-
buffered saline; PCR, polymerase chain reaction; SV40, simian virus
40; TNF, tumor necrosis factor; ZO-1, Zona occludin-1.
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Hproteins, fatty acids, carbohydrates, and a variety of
bioactive components that promote growth1 and prevent
diseases in early life, and enable long-term health benefits.2

Human milk oligosaccharides (HMOs), a mixture of non-
digestible carbohydrates with diverse structures, are the
third most abundant solid component in human milk.3 HMOs
are produced through 3 steps in the mammary glands:
synthesis of lactose via b-linkage of b-D-galactose and b-D-
glucose; subsequent functionalization of lactose to produce
linear or branched HMOs by using N-acetyllactosamine as
an elongation residue or lacto-N-biose as a terminating
residue; and fucosylation or sialylation of these core oligo-
saccharides.4,5 Fucosylation requires a-2-fucosyltransferase
and a3/4-fucosyltransferase, which are present in the
secretor and the Lewis blood group, respectively.6 The en-
zymes performing sialylation are unclear.7 Studies have
shown that HMOs promote immune system development,
such as tolerance and protective immunity,8,9 and function
as prebiotics that promote the growth of beneficial gut
microbiota, such as bifidobacteria and lactobacilli, in in-
fancy; these bacteria have the enzymatic machinery to
digest HMOs extracellularly or intracellularly for use as a
carbon source.10,11 In addition, HMOs compete with pathologic
bacteria and viruses for adhesion to human cells, thus exerting
antibacterial activities against infectious diseases.10,12

Identifying the activities of individual oligosaccharides is
necessary for understanding the mechanisms involved in
the action of HMOs. The compound 2’-fucosyllactose (2’-FL),
an abundant component of HMOs, particularly in early
lactation,13 is correlated with child growth during the first 5
years of life.14 Interestingly, the roles of 2’-FL in maintaining
microbiome homeostasis have been found not only in early
life15 but also in adulthood in human beings.16 Animal
studies have further shown the anti-inflammatory effects
of 2’-FL, such as decreasing colitis in mice with interleukin
(IL)10 deficiency through promoting growth of anti-
inflammatory gut microbiota,17 and attenuating lipopoly-
saccharide (LPS)-induced inflammation through directly
inhibiting Toll-like receptor 4 signaling in intestinal epithelial
cells (IECs).18 Therefore, 2’-FL may have potential applica-
tions in maintaining intestinal homeostasis and preventing
and/or treating intestinal diseases.

Chemotherapy and radiotherapy for patients with cancer
have antineoplastic efficacy, owing to the cytotoxic effects
on tumor cells. However, these therapeutics in the gastro-
intestinal tract lead to the severe complication of mucosi-
tis.19 Two clinical phenotypes of mucositis exist: oral
mucositis in the upper digestive tract and intestinal muco-
sitis predominantly in the small intestine. Mucositis occurs
in 60%–100% of patients receiving high-dose chemo-
therapy and radiotherapy cancer treatments.20 Clinical
symptoms of mucositis include abdominal pain, bleeding,
malnutrition, electrolyte imbalance, and severe infections.19

Therefore, the tolerance to mucositis is associated with
patient compliance with completing the treatment regimens.
A series of dynamic events are involved in the pathogenesis
of mucositis. Antineoplastic therapies stimulate oxidative
stress, which in turn injures IECs and cells in the submucosa
in the gastrointestinal tract. Signals from these injured cells
trigger proinflammatory responses, such as activation of
production of nuclear factor-kB–mediated proinflammatory
cytokines, including tumor necrosis factor (TNF)a, IL6,
and IL1b. These inflammatory responses further induce
apoptosis, atrophy, ulceration, and inflammation in the
gastrointestinal tract.19,21 From a therapeutic viewpoint,
any steps in this pathologic process may serve as targets for
management of intestinal mucositis. However, current
management for mucositis largely involves symptom con-
trol. Limited mechanistic therapeutic agents are available
for mucositis prevention and treatment.

The aim of this study was to investigate the roles of 2’-FL
in the treatment of intestinal mucositis. The compound 5-
fluorouracil (5-FU), an analogue to uracil, is an antimetab-
olite that inhibits cell proliferation and has been widely
used for the treatment of a variety of tumors.22,23 Through
in vitro assays, we have shown that 2’-FL has a direct effect
in protecting IECs against 5-FU–induced apoptosis, but has
no effect on 5-FU–treated cancer cells. The genomic analysis
of the microbiome showed that 2’-FL plays roles in main-
taining homeostasis of the gut microbiota community in
mice treated with 5-FU. Thus, both effects of 2’-FL may
contribute to prevention of 5-FU–induced mucositis. These
results support the application of 2’-FL as a therapeutic
strategy for preventing mucositis in cancer patients
receiving chemotherapy.
Results
Treatment With 2’-FL Suppresses 5-FU–Induced
Apoptosis in IECs but Has No Effect on
Gastrointestinal Tumor Cells

Beyond their roles in nutrient absorption and the
transportation of water and waste products, IECs lining the
gastrointestinal tract provide the frontline response to
components in the gut lumen in maintaining intestinal ho-
meostasis.24 The injury of IECs by 5-FU is a pathologic factor
in the development of mucositis.19,21 Therefore, we first
used in vitro assays to determine whether 2’-FL had direct
effects in protecting IECs against 5-FU–induced injury.

The 2’-FU used in this study was synthesized by our
group according to a previously described method25

(Figure 1A). The purity of synthetic 2’-FL was examined
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Figure 1. Synthesis of 2’-FL and purity analysis. (A) The procedure for synthesizing 2’-FL is shown. (B and C) NMR and high-
resolution mass spectrometry were used to characterize 2’-FL and assess its purity. Each signal with the indicated relative
position of the resonances in the 1H and 13C NMR spectra represents a unique hydrogen atom or a carbon atom of 2’-FL,
respectively. (B and C) All hydrogen and carbon atoms identified are accounted for within the spectra of 2’-FL. ppm, parts per
million.
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using nuclear magnetic resonance (NMR) and high-
resolution mass spectrometry. All signals identified in the
1H and 13C NMR spectra represent unique hydrogen or
carbon atoms of 2’-FL, respectively. No additional signals
that could be attributed to impurities were identified
(Figure 1B and C). The purity of synthetic 2’-FL exceeded
97%.

Because intestinal mucositis occurs primarily in the small
intestine, the mouse small intestinal epithelial (MSIE) cell line
isolated from Immortomouse small intestinal epithelium was
used as a normal cell model. HT-29 and AGS cells were used
as colonic and gastric cancer cell models, respectively. A 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide–based cell viability assay was applied to evaluate
the number of live cells in culture. The cell growth status was
assessed according to the change of the viable cell number, as
compared with the number of cells loaded at the beginning of
the experiment. Compared with untreated control cells, 5-
FU–treated MSIE cells showed significantly diminished
growth, in a concentration-dependent manner (Figure 2A).
The treatment of 2’-FL at 20 mg/mL significantly mitigated
the inhibitory effects of 5-FU on cell growth (P < .05)



Figure 2. Treatment with
2’-FL mitigates the 5-FU–
induced decrease in cell
growth in small IECs but
not in gastrointestinal
tumor cells in vitro. (A and
B) MSIE, (B) HT-29, and (D)
AGS cells in 96-well plates
were treated with 5-FU in
the presence or absence of
2’-FL, a-lactose, or D-
glucose at the indicated
concentrations for 24
hours. Cell viability was
assessed using the CellTi-
terH120 AQueousOne So-
lution Cell Proliferation
Assay kit. The cell number
change was calculated as
follows: (cell number at the
end of treatment – cell
number before treatment
[5000 cells/well]). *P < .05
compared with the control
group; #P < .05 compared
with the 5-FU group. Each
symbol represents data
from 1 independent
experiment.
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(Figure 2A and B). Interestingly, the glycan controls, lactose
and glucose, at the same concentrations as 2’FL did not affect
the 5-FU–induced decrease in cell growth (Figure 2B), thus
indicating the unique function of 2’-FL in IECs. Notably, 2’-FL
did not affect the decrease in cell growth caused by 5-FU
treatment in HT-29 and AGS cells (Figure 2C). These data
provide novel evidence that 2’-FL blocks the cytotoxic effects
of 5-FU in normal IECs, but not in tumor cells.

The metabolites of 5-FU inhibit cell division by sup-
pressing the activity of thymidylate synthase, thus
decreasing DNA synthesis and repair, and inducing cell
death through incorporation into RNA.22,23 We next studied
how 2’-FL promoted cell growth under the toxic influence of
5-FU. The effects of 2’-FL on apoptosis and proliferation in
cells treated with 5-FU were tested in MSIE and tumor cells.
The 5-FU treatment induced apoptosis in MSIE cells, as
detected by Western blot analysis of a caspase-3 cleavage
product; however, this effect was attenuated by 2’-FL co-
treatment in a concentration-dependent manner (Figure 3A).
Interestingly, 5-FU did not induce apoptosis in AGS cells
(Figure 3A). Apoptosis was further detected through Annexin
V staining and flow cytometry. The increase in early apoptosis
(Annexin VþPI- cells) in 5-FU–treated MSIE cells was
decreased significantly by 2’-FL (Figure 3B and C). To examine
the contribution of apoptosis to the 5-FU–regulated loss of cell
growth in MSIE cells, we treated cells with a caspase inhibitor,
zVAD-fmk, which restored 5-FU–induced cell loss in MSIE cells
(Figure 3D). Furthermore, immunostaining of enteroids
showed that 5-FU treatment increased the number of cells
with positive staining of cleavage caspase-3 and E-cadherin
(an epithelial cell adherent junctional marker), which was
suppressed by 2’-FL co-treatment. This result indicates that 2’-
FL inhibits 5-FU–stimulated apoptosis in epithelial cells in
enteroid cultures (Figure 3E). Thus, blocking of apoptosis in
intestinal epithelial cells by 2’-FL has the potential for allevi-
ating 5-FU–induced loss of normal IECs.



Figure 3. Treatment with 2’-FL suppresses 5-FU–induced
apoptosis in small IECs in vitro. (A) MSIE and AGS cells
were treated with 5-FU (10 mg/mL) for 6 hours with or without
co-treatment with 2’-FL at the indicated concentrations. Total
cellular proteins were prepared for Western blot analysis with
anti–cleavage-caspase 3 antibody; b-actin blot was used as
the protein loading control. The fold changes of band density
compared with the 5-FU–treated sample are shown under the
blot. (B and C) MSIE were treated with 5-FU (10 mg/mL) for 24
hours in the presence or absence of 2’-FL (20 mg/mL). Cells
were stained with FITC-Annexin and propidium iodide (PI) for
flow cytometry. (B) Representative density plots with FITC-
Annexin vs PI and percentages of cells in early apoptosis
(Annexin VþPI-) are shown. (D) MSIE cells in 96-well plates
were treated with 5-FU (10 mg/mL) in the presence or
absence of a cell-permeable caspase inhibitor, Z-VAD-FMK
(20 mmol/L), for 24 hours. Cell viability assays and the cell
number change calculation are described in Figure 2. (E)
Wild-type enteroids were treated with 5-FU in culture medium
(10 mg/mL) for 6 hours with or without 2’-FL (20 mg/mL)

=
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Cell proliferation generally is controlled by the
progression of 3 distinctive phases

of the cell cycle (G0/G1, S, and G2/M), and cell-cycle
arrest is considered one of the most common causes of
the inhibition of cell proliferation. Based on the data that 2’-
FL at 20 mg/mL inhibited 5-FU–induced inhibition of cell
growth in MSIE cells (Figure 2A and B), we chose this
concentration of 2’-FL to detect the effects of 2’-FL on
proliferation in MSIE and HT-29 cells treated with 5-FU.
Cells were labeled with 5-ethynyl-2’-deoxyuridine (EdU)
and propidium iodide to detect cell-cycle progression by
flow cytometry. In agreement with previously reported ev-
idence that 5-FU induces S-phase arrest in tumor cells,26 we
found that 5-FU treatment resulted in a characteristic S-
phase arrest, with a greater number of cells in S phase and
fewer cells in G2 phase, in both MSIE and HT-29 cells.
However, 2’-FL co-treatment did not affect S-phase arrest
induced by 5-FU in either MSIE or HT-29 cells (Figure 4),
thus suggesting that 2’-FL does not affect the 5-FU–induced
inhibition of proliferation in normal IECs and tumor cells.

Therefore, these data suggest that 2’-FL protects normal
IECs against 5-FU–induced injury through alleviating
apoptosis. However, 5-FU–induced inhibition of prolifera-
tion in tumor cells and normal IECs is not affected by 2’-FL.

Pretreatment With 2’-FL Ameliorates 5-
FU–Induced Intestinal Mucositis in Mice

Experimental studies have shown that the mouse model
of intestinal mucositis induced by 5-FU shows intestinal
epithelial damage and inflammatory responses in the small
intestine.27 We used this mouse mucositis model to inves-
tigate the effects of 2’-FL on intestinal mucositis. Mice were
injected peritoneally with 5-FU to induce mucositis and
were killed 3 days after injection (5-FU-3D group). Mice
were given 2’-FL in drinking water 4 days before (pre-
treatment, 5-FU-3D-2’-FL-7D group) or concurrently (con-
current treatment, 5-FU-3D-2’-FL-3D group) with 5-FU
injection. Mice receiving phosphate-buffered saline (PBS)
injection were used as controls (Figure 5A). No significant
body weight changes were identified in control mice. We
observed that the percentages of body weight compared
with the original body weight on days 1, 2, and 3 after 5-FU
injection were 94.54% ± 1.39%, 90.81% ± 1.72%, and
88.07% ± 1.63%, respectively, in the 5-FU–treated group,
and 95.69% ± 1.27%, P < .05; 93.83% ± 0.96%, P < .05;
and 92.86% ± 1.62%, P < .05, respectively, in the 2’-FL
pretreatment for 24 hours. 2’-FL was present during 5-FU
treatment. Enteroids were prepared for immunostaining to
detect apoptosis using rabbit anti–cleavage-caspase 3 anti-
body and FITC-conjugated secondary antibody (green) and
an epithelial cell marker using mouse anti–E-cadherin anti-
body and Cy3-conjugated secondary antibody (red). Nuclei
were stained with 40,6-diamidino-2-phenylindole (DAPI)
(blue). (A and E) Data are representative of at least 3 in-
dependent experiments. (C) *P < .05 compared with the
control group; #P < .05 compared with the 5-FU group. (C
and D) Each symbol represents data from 1 independent
experiment.



Figure 4. Treatment with
2’-FL does not affect 5-
FU–induced cell-cycle
arrest in small IECs and
in gastrointestinal tumor
cells in vitro. MSIE cells
and HT-29 cells were
treated with 5-FU (10 mg/
mL) with and without co-
treatment with 2’-FL (20
mg/mL) for 24 hours. Cell
proliferation was detected
by EdU labeling and stain-
ing with FITC-conjugated
anti-EdU antibody and
propidium iodide staining
for flow cytometry. (A)
Representative density
plots of FITC-EdU vs pro-
pidium iodide are shown.
(B) The percentages of
cells in G1, S, and G2
phase are shown. *P < .05
compared with the same
phase of the control group.
Data represent results from
3 separate experiments.
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pretreatment group. Thus, 5-FU–treated mice began to lose
body weight the first day after 5-FU injection, and the body
weight loss continued until the mice were killed on the third
day after 5-FU injection. Pretreatment with 2’-FL signifi-
cantly mitigated body weight loss from day 1 to day 3
(Figure 5B). Compared with the 5-FU–treated group, no
significant difference in body weight change was observed
in the concurrent treatment group (93.79% ± 1.99%, P >
.05; 91.76% ± 1.55%, P > .05; and 89.46% ± 3.17%, P > .05
for body weight on days 1, 2, and 3 after 5-FU injection vs
original body weight, respectively).

As reported before, 5-FU–treated mice showed ulcera-
tion and inflammatory cell infiltration in the small intestine.
These abnormalities were decreased by 2’-FL pretreatment
(Figure 5C). Villus shortening is a characteristic of intestinal
mucositis.27 Compared with control cells, 5-FU–treated cells
showed blunted villi (225.2 ± 17.8 vs 107.4 ± 19.8 mm,
respectively; P < .0001). The 2’-FL pretreatment (172.5 ±
28.1 mm; P < .0001), but not concurrent treatment (122.1 ±
19.6 mm; P > .05), alleviated 5-FU–induced shortening of
villi (Figure 5D).

To examine 5-FU–induced intestinal injury and inflam-
mation, we killed mice 1 day (5-FU-1D) or 3 days (5-FU-3D)
after 5-FU injection with either 2’-FL pretreatment (5-FU-
1D-2’-FL-5D, 5-FU-3D-2’-FL-7D) or concurrent treatment
(5-FU-1D-2’-FL-1D, 5-FU-3D-2’-FL-3D) (Figure 6A). In the
small intestine in 5-FU–treated mice, the inflammatory
scores on the first and third days after 5-FU injection were
5.8 ± 0.84 and 8.43 ± 0.96, respectively (Figure 6B). The 2’-
FL pretreatment significantly decreased inflammation
scores (4.37 ± 0.52, P < .001 on the first day, and 6.9 ± 1.1,
P < .001 on the third day) (Figure 6B). Increased pro-
inflammatory cytokine production is a hallmark of
chemotherapy-induced mucositis.19 Therefore, we tested
the effects of 2’-FL on inflammatory cytokine production in
the 5-FU–induced mucositis model. We used real-time po-
lymerase chain reaction (PCR) analysis of RNA isolated from
the small intestinal tissues to detect messenger RNA
(mRNA) levels of proinflammatory cytokines. We found that
the 2’-FL pretreatment down-regulated the 5-FU–induced
mRNA levels of TNF (P < .05) on the first and third days
after 5-FU injection (Figure 6C). Neutrophil infiltration in
inflammatory tissue results in increased release of myelo-
peroxidase (MPO). MPO levels in the small intestinal tissue
lysates were examined using the mouse MPO enzyme-linked
immunosorbent assay (ELISA) kit. Inconsistent with the



Figure 5. Pretreatment with 2’-FL alleviates 5-FU–induced body weight loss and shortening of villi in mice. (A) The
treatment plan. Wild-type C57BL/6J mice received 2’-FL supplementation in drinking water (1 mg/mL) 4 days before (pre-
treatment) or concurrently with induction of intestinal mucositis by intraperitoneal injection of 5-FU in PBS (250 mg/kg body
weight). Control mice were injected with PBS. Mice were killed on the third day after 5-FU injection. (B) Body weight was
recorded. The fold change in body weight was calculated by comparing the body weight at the indicated day with that of the
same mouse on day 4. (C) The ileal tissue sections were stained with H&E. (D) The lengths of villi and crypts are shown. (B) *P <
.05 compared with the control group on the same day of treatment. N ¼ 5–10 in each group. (D) *P < .05 compared with the
control group; #P < .05 compared with the 5-FU–treated group. The symbol represents data from 1 mouse. Sac, Sacrifice.
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results of the inflammatory score, 5-FU up-regulated MPO
levels in the small intestine on the first and third day after
5-FU injection, which were alleviated by 2’-FL pretreatment
(Figure 6D).

In this study, there were no changes in crypt length in 5-
FU–treated mice (Figure 5C and D). The inflammatory
scores in the colon in mice on the first and third day after 5-
FU injection, with or without pretreatment or concurrent
treatment, were less than 2. These results indicate that the
colon might not be the target of 5-FU–induced inflammation,
in agreement with previous evidence that intestinal muco-
sitis occurs in the small intestine.20

We next examined the effects of 2’-FL on protecting in-
testinal integrity in this model of mucositis. Treatment with
5-FU induced small intestinal epithelial cell apoptosis on the
first day after injection (5-FU-1D group), as detected with an
in situ oligo ligation kit, and was inhibited by 2’-FL pre-
treatment (Figure 7A and B). The mucus layer plays an
important role in protecting epithelial surfaces against
bacterial and viral assault and mechanical damage in the
gastrointestinal tract.28,29 Goblet cells are mucin-producing
cells. The goblet cell number in the small intestine has
been reported to decrease in mice after 5-FU treatment.30 In
agreement with this evidence, Mucin 2 (MUC2) immuno-
staining showed fewer Goblet cells in the small intestine in
mice after 5-FU treatment (5-FU-3D group), an effect that
was attenuated significantly by 2’-FL pretreatment
(Figure 7C and D). As a marker of tight junction structure,
Zona occludin-1 (ZO-1) normally localizes in the apical tight
junctional complexes in cells that play roles in preserving
the tight junction stability and epithelial barrier function.31

We determined the distribution of ZO-1 in cells using im-
munostaining. 5-FU induced redistribution of this protein
from the apical surface to the cytoplasmic compartment of
small intestinal epithelial cells (5-FU-3D group). The apical
surface localization of ZO-1 was observed in the 2’-FL pre-
treatment group (Figure 7E). This evidence indicates that
2’-FL pretreatment plays a role in preserving intestinal
integrity.

Notably, our results suggest that 2’-FL concurrent
treatment is less effective than 2’-FL pretreatment against 5-
FU–induced mucositis in mice. 2’-FL concurrent treatment
had significant effects in decreasing small epithelial cell
apoptosis on the first day after 5-FU injection (P < .05)



Figure 6. Pretreatment with 2’-FL decreases 5-FU–induced inflammation in the small intestine in mice. (A) The treatment
plans are shown. Mice were treated as described in Figure 5 and were killed on the first or third day after 5-FU injection. (B) The
inflammation scores are shown. (C) Real-time PCR analysis was performed to detect TNF gene expression in the small in-
testinal mucosa. The average mRNA expression levels in control mice were set as 100%, and the mRNA expression level of
each mouse was compared with the average. (D) The MPO levels in the small intestinal tissues were examined. *P < .05
compared with the PBS group; #P < .05 compared with the 5-FU–treated group in the same treatment plan. (B–D) Each
symbol represents data from 1 mouse. Sac, Sacrifice.
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(Figure 7A and B) and decreasing the inflammatory score
(6.86 ± 0.90, P < .001) (Figure 6B) and the MPO level (P <
.05) (Figure 6D) on the third day after 5-FU injection.
However, 2’-FL concurrent treatment did not have any ef-
fects on 5-FU–induced body weight loss (Figure 5B) and
villus shortening (Figure 5C), inflammation (inflammatory
score, 5.6 ± 0.89; P > .05) (Figure 6B), and the MPO level
(Figure 6D) on the first day after 5-FU injection, and TNF
production (Figure 6C) on the first and third day after 5-FU
injection. These results suggest that 2’-FL pretreatment is
required for protecting the intestinal epithelium against 5-
FU–induced injury.

In agreement with the in vitro data indicating that 2’-FL
did not affect 5-FU–induced S-phase arrest in MSIE, the
number of proliferative cells with Ki67-positive staining
were diminished in the small intestine in 5-FU–treated mice
with or without 2’-FL pretreatment or concurrent treatment
(Figure 8). These data suggest that 2’-FL does not block the
inhibitory effect of 5-FU on cell proliferation. Instead, 2’-FL
pretreatment supports intestinal integrity, thereby protect-
ing against 5-FU–induced injury through ameliorating 5-
FU–stimulated apoptosis.
2’-FL Decreases 5-FU–Induced Alteration of the
Intestinal Microbiota Composition in Mice

It has been reported that chemotherapy is associated
with dysbiosis in patients32 and in animal models of
mucositis.33 2’-FL has shown beneficial effects on the gut
microbiota community in adulthood16; therefore, we
examined the impact of 2’-FL on the gut microbiota com-
munity in mice treated with 5-FU. Community profiling of
the fecal bacteria from mice killed 3 days after 5-FU injec-
tion with and without 2’-FL pretreatment or concurrent
treatment (treatment plan in Figure 5A) and mice receiving
2’-FL for 7 days (2’-FL-7D) was analyzed by high-
throughput genomic sequencing. The overall fecal bacterial
composition, such as b-diversity, was measured by weighted
UniFrac distance using family level bacterial abundance
data, and principal coordinate analysis was performed to
compare similarities in bacterial composition across the 5
groups. Permutational multivariate analysis of variance
showed significant separation of the 5-FU-3D group from
the control group (P ¼ .011) and the 2’-FL pretreatment
group (P ¼ .04). In addition, the 2’-FL pretreatment group
was significantly different from the control group (P ¼ .001)



Figure 7. Pretreatment with 2’-FL protects against 5-FU–induced injury in the small intestine in mice. Mice were treated
as described in Figure 5 and were killed on the first or the third day after 5-FU injection, as shown in Figure 6A. (A) Apoptosis in
ileal tissues was detected with in situ oligo ligation (ISOL) assays. Sections were counterstained with methyl green. (B) The
number of positive ISOL cells is shown. (C) Ileal tissue sections were immunostained with anti-Muc2 antibody and a horse-
radish-peroxidase–conjugated secondary antibody. Slides were developed with 3,30-diaminobenzidine tetra hydrochloride and
counterstained with hematoxylin. (D) The number of positively stained Muc2 cells is shown. (E) Ileal tissue sections were
stained with an anti–ZO-1 antibody and a FITC-labeled secondary antibody (green). Nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI) (blue). Membrane (white arrows) and intracellular (yellow arrows) ZO-1 distribution are shown. Slides were
scanned and images were exported at 10� magnification for bright-field images and 20� magnification for florescent images.
Images in this figure represent results from at least 3 mice in each group. (B and D) *P < .05 compared with the control group;
#P < .05 compared with the 5-FU–treated group; §P < .05 compared with the 2’-FL concurrent treatment group. Each symbol
represents data from 1 mouse.
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and the 2’-FL concurrent treatment group (P ¼ .038). No
segregation was observed between the control and 2-FL-7D
groups (P ¼ .192) and between the 5-FU-3D and 2’-FL
concurrent treatment groups (P ¼ .138) (Figure 9A). a-di-
versity indexes (Shannon and Simpson) were unchanged
among the 5 groups (Figure 9B). Examination of the
abundance of the fecal microbiota identified 18 specific taxa
at the family level with a relative abundance greater than
0.1%. 5-FU–treated mouse fecal microbiota had a significant
expansion (P < .05) in Helicobacteraceae, Bacteroidaceae,
and Deferribacteraceae, and a reduction in Lactobacillaceae
and Muribaculaceae, as compared with the control group



Figure 8. Inhibition of cell proliferation in the small intestine by 5-FU is not altered by 2’-FL pretreatment in mice. Mice
were treated as described in Figure 5 and were killed on the third day after 5-FU injection, as shown in Figure 5A. (A) Ileal
tissues were immunostained with an anti-Ki67 antibody and a horseradish-peroxidase–conjugated secondary antibody. Slides
were developed with 3,30-diaminobenzidine tetra hydrochloride and counterstained with hematoxylin. (B) The number of
positively stained cells is shown. *P < .05 compared with the control group. Each symbol represents data from 1 mouse.
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(Figure 9C). 2’-FL pretreatment and concurrent treatment
significantly decreased the 5-FU–induced expansion of
Helicobacteraceae. The reduction of Lactobacillaceae by 5-
FU was mitigated by 2’-FL pretreatment, but not concur-
rent treatment. The other 3 altered families by 5-FU were
not affected by 2’-FL pretreatment or concurrent treatment
(Figure 9C). We further analyzed detailed abundance anal-
ysis of the major taxonomic groups at the species level
within these five 5-FU–altered families. Our results showed
that the abundances of up-regulated Helicobacter ganmani
and down-regulated Lactobacillus murinus by 5-FU treat-
ment were alleviated significantly by 2’-FL pretreatment.
Concurrent treatment only alleviated the 5-FU–induced in-
crease in Helicobacter ganmani. The alterations of the
abundances of other species, Muribaculum intestinale, Bac-
teroides sartorii, and Mucispirillum schaedleri, by 5-FU were
not affected by 2’-FL pretreatment or concurrent treatment
(Figure 9D). Thus, these results suggest that 2’-FL pre-
treatment and concurrent treatment elicited a partial shift
of the composition of the gut microbiota in 5-FU–treated
mice toward normal levels. Therefore, prevention of 5-
FU–induced intestinal mucositis by 2’-FL may be associ-
ated with the effects of 2’-FL in improving the 5-FU–driven
imbalance of the gut microbiota community in mice.
Discussion
Chemotherapy and radiotherapy suppress tumor cell

growth; however, these treatments injure normal cells in
the gastrointestinal tract, thus resulting in mucositis. The
outcomes of mucositis are highly associated with decreased
quality of life and interruption of cancer treatment.34

Currently available therapeutic agents to manage intestinal
mucositis are limited. The potential approaches to treat
mucositis independently of cancer treatment may include
targeted interventions to block the pathogenesis of muco-
sitis, such as through scavenging reactive oxygen species,
suppressing proinflammatory cytokine production or function,
and inhibiting apoptosis.21 Remarkably, the results from this
work showed a novel effect of 2’-FL in mitigating 5-
FU–stimulated apoptosis in normal IECs. Treatment with
2’-FL ameliorated 5-FU–induced intestinal mucositis by
protecting the intestinal epithelium against injury. Impor-
tantly, 2’-FL did not affect 5-FU–induced cell loss in
gastrointestinal tumor cells. Furthermore, we did not iden-
tify an effect of 2’-FL on 5-FU–induced inhibition of prolif-
eration in both normal IECs and tumor cells. Therefore, 2’-
FL may serve as a cytoprotective agent to increase the
ability of patients to tolerate the complications of chemo-
therapy without comprising the efficacy of therapeutic
treatments for cancer.

It has been reported that HMOs exert direct effects on
modulating cellular responses. HMOs have been shown to
regulate the expression of genes involved in immune re-
sponses in human fetal intestinal mucosa in an ex vivo
experiment.35 Previous studies also observed several direct
effects of 2’-FL in immature intestinal epithelial cell lines.
For example, 2’-FL promoted cell differentiation36 and
inhibited inflammatory responses by suppressing the
expression of CD4, a member of the LPS-receptor complex,
thus decreasing LPS-induced inflammatory responses18 and
attenuating TNF-induced inflammation.37 This evidence
from immature intestinal epithelial cells supports the po-
tential function of 2’-FL in direct promotion of intestinal
development and the maturation of the immune system in
the early stage of life. This study identified a previously
unrecognized direct effect of 2’-FL on the inhibition of 5-
FU–induced apoptosis in normal mature IECs. However,
currently, the mechanisms involved in the direct interaction
of 2’-FL and IECs that leads to regulation of the function of
IECs remain unclear. Glycosylation of proteins plays an
important role in protein folding and biological recognition
of other molecules.38 We speculate that 2’-FL has the po-
tential to directly interact with cell surface proteins, such as



Figure 9. 2’-FL restores 5-FU–altered fecal gut microbiota composition in mice. Wild-type C57BL/6J mice received 5-FU
with or without 2’-FL co-treatment as described in Figure 5. Mice in the 2’-FL-7D group received 2’-FL for 7 days only. Feces
were collected at the end of treatment and fecal RNA was isolated for high-throughput genomic sequencing. (A) Principal
coordinate analysis. R2 and P values for comparison of the indicated groups are shown. (B) a-diversity analysis. There were no
significant changes of Shannon and Simpson among the 5 groups (P > .05). (C) The relative abundance of bacterial reads
classified at the family level. Families with a relative abundance greater than 0.1% are presented. Families with a relative
abundance less than 0.1% and unidentified families were grouped into “others.” Each bar represents the average relative
abundance of each group. n ¼ 5 in each group. *,†Relative abundance of these families was altered significantly by 5-FU
treatment (P < .05). *Families were restored toward the control levels by 2’-FL pretreatment (P < .05). †2’-FL pretreatment
had no effect on the families. (D) The top relative abundance of the species within the family altered by 5-FU is shown. *P < .05
compared with the control group; #P < .05 compared with the 5-FU-3D group.
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receptors, to manipulate their structural conformation and
interactions with other receptors, resulting in modulating
their biological activities and downstream signaling path-
ways and cellular responses. This area of research is worthy
of future study.

The effects of HMOs on tumor cells have been investi-
gated, and several studies have reported inhibition of pro-
liferation and induction of apoptosis by 2’-FL36 and 2’-FL
containing neutral HMO fractions39 in gastrointestinal tu-
mor cells. However, another study has found that apoptosis
is induced by neutral HMO fractions, but proliferation is
inhibited by neutral and acidic HMO fractions, except for
fucosyllactose, in HT-29 and Caco-2 cells.39 Our study did
not identify any significant effects of 2’-FL alone on cell
growth, apoptosis, and proliferation in normal mature IECs
and tumor cells. These differing results may be owing to the
various concentrations of 2’-FL used and the treatment
periods applied for cell treatment. In the previous studies,
2’-FL at concentrations higher than 200 mg/mL for 72 hours
was used to inhibit cell proliferation and increase differen-
tiation in HT-29 and well-differentiated Caco-2Bbe cells.36

In contrast, the highest dose of 2’-FL used in this study
was 20 mg/mL for 24 hours. This low concentration of 2’-FL
suppressed 5-FU–induced apoptosis in normal IECs, and
high concentrations of 2’-FL inhibited proliferation and in-
duction of apoptosis in tumor cells. These findings under-
score the potential for using 2’-FL to prevent mucositis,
through the protection of normal IECs and inhibition of
tumor growth.

HMOs are well-known prebiotics modulating the sym-
biotic relationship between the gut microbiota and the host
in early life.10,11 2’-FL promotes the growth of bifidobacteria
and metabolite production in feces from infants.15 A paral-
lel, double-blind, randomized, placebo-controlled clinical
study has shown that 2’-FL supplementation is safe and well
tolerated, and regulates the gut microbiota profile by in-
creasing Actinobacteria and Bifidobacterium and decreasing
Firmicutes and Proteobacteria in adults.16 Thus, we further
investigated the impact of 2-FL on the gut microbiota
community in mice with 5-FU–induced colitis. The disrup-
tion of homeostasis of the intestinal microbiota is associated
with intestinal inflammatory diseases.40 The previous
studies have identified dysbiosis in mucositis, such as a
decrease in protective bacteria, Lactobacillus, and an in-
crease in pathogens.30,33 In agreement with this evidence,
we showed that 5-FU treatment down-regulated an abun-
dance of bacteria that have shown beneficial effects on in-
hibition of mucositis, such as Lactobacillus species41 and
Muribaculum species42 in mice, and up-regulated an abun-
dance of bacteria that are associated with gastrointestinal
inflammation, such as Helicobacter species, which has a
strong association with intestinal inflammatory disease
diseases in patients.43 The roles of B sartorii and M
schaedleri that were regulated by 5-FU in mucositis remain
unclear. We also found that 2’-FL inhibited Helicobacter and
restored Lactobacillus in 5-FU–treated mice. These results
support the roles of 2’-FL in maintaining the homeostasis of
the gut microbiome against 5-FU–induced dysbiosis, which
may contribute to ameliorating mucositis. It should be noted
that the microbiota community profile in the 2’-FL-7D group
is the same as that of the control group. Because 2’-FL
concurrent treatment has less effects on mucositis, as
compared with pretreatment, the longer time with 2’-FL
treatment may exert a stronger impact on the gut microbiota.

Furthermore, impediments in HMO research and appli-
cation center on the limited availability of sources to obtain
heterogeneous HMOs. Indeed, the procedures to isolate and
purify individual oligosaccharides from the 200 unique oli-
gosaccharides present in breast milk are complex and
intractable. Although the chemical synthesis of 2’-FL is
obsolete at industrial levels,44 in which kilogram syntheses
are possible with whole-cell production, we were able to use
organic synthesis to produce 2’-FL at the gram scale with
significantly higher purity. The approach used in this work
thus may provide a basis to produce clinical grade 2’-FL.
Moreover, successful synthesis of 2’-FL is necessary to
enable the development of this product and related tool
molecules (such as fluorescently labeled 2’-FL) for biological
studies and clinical applications in the future.

In summary, studies from this work elucidate a novel effect
of 2’-FL on the inhibition of intestinal epithelial cell apoptosis
and maintaining the balance of the gut microbiota community,
thereby preventing 5-FU–induced mucositis. Extending previ-
ously reported nutritional application in early life,14 herein we
show the protective effects of 2’-FL in adulthood. Notably, this
knowledge should provide mechanistic insights to support
interventions with 2’-FL as a strategy for maintaining intesti-
nal health during chemotherapy-induced mucositis.
Materials and Methods
Synthesis of 2’-FL and Purity Detection

We synthesized 2’-FL according to a previously reported
method for preparation of 2’-FL at the kilogram level.25

Briefly, a fucosyl thioglycoside was converted to its bro-
mide by the addition of elemental bromine (Br2) at 5�C in
dichloromethane. Excess Br2 was removed through the
addition of cyclohexene. A combined solution of the lactose
acceptor and tetrabutylammonium bromide in dime-
thylformamide was added to the crude solution of fucosyl
bromide, and the reaction mixture was stirred for 48 hours.
Next, the reaction mixture was treated with sodium meth-
oxide in methanol for 6 hours, and with 80% of acetic acid
in water at 80�C for 12 hours. The crude material was
crystallized from ethyl acetate and purified by recrystalli-
zation from methanol. The final intermediate was obtained
after hydrogenation in 85% yield.

Synthetic 2’-FL was characterized by 1H and 13C NMR
and high-resolution mass spectrometry to determine the
purity of the compound. NMR spectra were recorded on a
Bruker spectrometer (Bruker Corporation, Billerica, MA) in
deuterated solvents. NMR spectra acquired in a mixture of
deuterated solvents were calibrated to the residual solvent
peaks of the more abundant solvent. NMR data were
analyzed in TopSpin software (Bruker Corporation).

Spectrometric data of 2’-FL in 1H NMR (400 MHz, D2O)
included the following: d 5.27 (d, H-100), 5.18 (d, J1,2 3.3 Hz,
H-1a), 4.60 (d, J1,2 7.7 Hz, H-1b), 4.48 (d, J1,2 7.6 Hz, H-10),
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4.21 (m, J5,6 6.5 Hz, H-500), 3.79 (d, J2,3 9.8 Hz, H-200), 3.25
(dd, J1,27.7 Hz, H-2b), 1.19 (d, J5,6 6.5 Hz, H-600). Spectrometric
data of 2’-FL in 13C NMR (100 MHz, D2O) included the
following: d 102.5 (C-10), 101.6 (C-100), 98.2 (C-1a), 94.1 (C-
1b), 78.6 (C-4a), 78.4 (C-4b), 78.2 (C-300), 77.5 (C-500), 76.6
(C-3b), 76.6 (C-5b), 76.2 (C-30), 75.9 (C-200), 74.8 (C-400), 73.9
(C-3b), 73.6 (C-2b), 71.9 (C-2a), 71.4 (C-50), 71.4 (C-5a),
70.5 (C-200), 69.2 (C-40), 62.5 (C-6b), 62.4 (C-6a), 61.9 (C-60),
and 17.5 (C-600). All signals identified in the 1H and 13C NMR
spectra represent a unique hydrogen atom or carbon atom
of 2’-FL. No additional signals that could be attributed to
impurities were identified in 1H or 13C NMR. (d: doublet; dd:
doublet of doublets; H: proton; J: the coupling constant)

Cell Culture
The MSIE cell line was generated from the small intestines

of immortalized mice (Immortomice), which harbored ther-
molabile simian virus 40 (SV40) large tumor antigen from a
SV40 strain, tsA58.45 MSIE cell proliferation was induced by
activation of SV40 tumor antigen through an interferon g

(IFNg)-inducible H-2Kb promoter at the permissive temper-
ature (33�C). MSIE cells can survive for 3 passages under the
nonpermissive temperature (37�C) in the absence of IFNg.
MSIE cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS), 5 U/mL murine
IFNg, 100 U/mL penicillin and streptomycin, 5 mg/mL insu-
lin, 5 mg/mL transferrin, and 5 ng/mL selenous acid at 33�C
with 5% CO2.

The AGS A human gastric adenocarcinoma cell line (CRL-
1739; American Type Culture Collection, Rockville, MD) and
HT-29 colorectal adenocarcinoma cell line (HTB-38; Amer-
ican Type Culture Collection) were grown in Dulbecco’s
modified Eagle medium supplemented with 10% FBS and
100 U/mL penicillin and streptomycin at 37�C with 5% CO2.

Cell Viability Assay
MSIE, AGS, and HT-29 cells were plated in 96-well plates

(5000 cells/well) and cultured for 6–8 hours under normal
culture conditions to allow cells to attach to the culture dish
bottoms. Cells then were treated with 5-FU at concentra-
tions ranging from 5 to 10 mg/mL in the presence or
absence of 2’-FL, a-lactose (Sigma-Aldrich, St. Louis, MO), or
D-glucose (Sigma-Aldrich) at concentrations from 5 to 20
mg/mL, or a cell-permeable caspase inhibitor, N-Benzylox-
ycarbonyl-Val-Ala-Asp(O-Me) fluoromethyl ketone (Z-VAD-
FMK) at 20 mmol/L (Promega, Madison, WI) for 24 hours.
Cell viability was assessed with CellTiterH120 AQueousOne
Solution Cell Proliferation Assays (Promega) according to
the manufacturer’s instructions. The standard curve for
each cell line was generated and used to calculate the cell
number in each group.

Cell-Cycle Assessment
MSIE and HT-29 cells were treated with 5-FU (10 mg/

mL) in the presence or absence of 2’-FL (5–20 mg/mL) un-
der normal culture conditions for 24 hours. The cell cycle
was assessed with a Click Plus EdU 488 Flow Kit (C10632;
Life Technologies Corporation, Carlsbad, CA), according to
the manufacturer’s instructions. Briefly, cells were labeled
with EdU and dissociated by using accutase. The cells were
fixed and permeabilized, then stained with an anti-EdU
antibody and propidium iodide. The cell-cycle distribution
was analyzed through multicolor flow cytometry with a BD
LSRII system (BD Biosciences, Franklin Lakes, NJ).

Apoptosis Assay
MSIE cells were treated with 5-FU (10 mg/mL) in the

presence or absence of 2’-FL (5–20 mg/mL) in RPMI 1640
medium containing 1% FBS and 100 U/mL penicillin and
streptomycin at 37�C for 24 hours. Attached cells were
dissociated with accutase. Apoptosis was detected with a
fluorescein isothiocyanate (FITC) Annexin V Apoptosis
Detection Kit I (BD Biosciences) according to the manufac-
turer’s instructions. Cells were analyzed through multicolor
flow cytometry with a BD LSRII system (BD Biosciences) to
determine the percentage of cells at the early apoptotic
stage (FITC-Annexin–positive cells).

Cellular Lysate Collection and Western Blot
Analysis

MSIE cells were cultured in RPMI 1640 medium con-
taining 1% FBS and 100 U/mL penicillin and streptomycin,
and AGS cells were cultured in Dulbecco’s modified Eagle
medium containing 1% FBS and 100 U/mL penicillin and
streptomycin at 37�C for 24 hours. The cells were treated
with 5-FU (10 mg/mL) for 6 hours in the presence or
absence of 2’-FL (5–20 mg/mL) for 6 hours. Cells were
solubilized in cell lysis buffer (Sigma-Aldrich) containing
protease and phosphatase inhibitor mixture (Sigma-
Aldrich). Protein concentrations of lysates were determined
with a bicinchoninic acid (BCA) protein assay kit (Pierce
Thermo Scientific, Waltham, MA). The lysates were mixed
with Laemmli sample buffer, and equal amounts of protein
were loaded for sodium dodecyl sulfate–polyacrylamide gel
electrophoresis. Western blot analysis was performed with
rabbit anti-cleavage caspase 3 (9661; Cell Signaling Tech-
nology, Danvers, MA) and mouse anti–b-actin (A2228;
Sigma-Aldrich) antibodies. The band density was measured
using the ImageJ processing program (National Institutes of
Health, Bethesda, MD). The relative density of the cleavage
caspase 3 band was calculated by comparing it with the b-
actin band from the same sample. The density fold change
was calculated by comparison of the relative density of the
band in the 5-FU and 2’-FL co-treatment groups with that in
the 5-FU–treated group (which was set as 1).

Mice and Treatment
All animal experiments were performed according to

protocols approved by the Institutional Animal Care and Use
Committee at Vanderbilt University Medical Center. Wild-
type C57BL/6J mice (000664; Jackson Laboratory, Bar
Harbor, ME) received 2’-FL supplementation in drinking
water (1 mg/mL) 4 days before (pretreatment) or concur-
rently with the induction of intestinal mucositis by intra-
peritoneal injection of 5-FU (Sigma-Aldrich) in PBS (250
mg/kg body weight). Mice treated with PBS were used as
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negative controls. Mice were killed 1 day or 4 days after 5-
FU injection. The treatment plans are shown in Figure 5A
and Figure 6A. Body weights were recorded. The percentage
change compared with

the body weight before 5-FU injection was used to
evaluate the loss of body weight.

Enteroid Culture and Treatment
Villi from the ileum of wild-type C57BL/6 mice were

prepared for culture of enteroids, as described before.46

Enteroids were cultured in Matrigel (354248; Corning
Incorporated, Corning, NY) and overlaid with IntestiCult
Organoid Growth Medium (06005; STEMCELL Technologies,
Vancouver, Canada) for 4–5 days until budding. Enteroids
were treated with 5-FU (10 mg/mL) in medium for 6 hours
with and without 2’-FL (20 mg/mL in medium) treatment,
including 24-hour pretreatment and 6-hour co-treatment
with 5-FU. Enteroids were fixed in 4% paraformaldehyde
overnight at 4ºC for immunostaining.

Evaluation of Villus Length and Intestinal
Mucositis

The ileum was paraffin-embedded and processed. Tissue
sections of the ileum were stained with H&E. Slides were
scanned with a Leica SCN400 Slide Scanner (Leica Micro-
systems, Wetzlar, Germany). The villus length was analyzed
in the associated software package with complex algorithms.
At least 3 segments of ileum (1-cm long) were chosen for
each mouse. At least 100 villi in each 1-cm long segment
were measured. The average villus length was calculated for
each mouse.

Samples were examined by a pathologist blinded to
treatment conditions for assessing inflammation. The
scoring system used to assess 5-FU–induced mucositis was
modified from a previous scoring system,27 including villous
atrophy, epithelial injury, acute inflammation, chronic
inflammation, and depth of inflammation, on a scale of 0–3,
thus yielding an additive score between 0 (no mucositis)
and 15 (maximal mucositis).

Quantification of MPO in Small Intestinal Tissues
by ELISA

Small intestinal tissues were weighed and homogenized
in PBS with a TissueLyser (Qiagen, Germantown, MD) (0.2
mg tissues/mL PBS) and sonicated. The tissue suspensions
were centrifuged. The level of MPO in supernatants was
measured using a Myeloperoxidase Mouse ELISA Kit (Invi-
trogen/Thermo Fisher Scientific, Waltham, MA), according
to the manufacturer’s instructions. Recombinant mouse
MPO was used to generate a standard concentration curve.
The MPO concentration was representative as nanograms of
MPO per gram of tissue.

Immunostaining
Paraffin-embedded tissue sections were deparaffinized,

and this was followed by antigen unmasking by incubation
in Diva Decloaker (Biocare Medical, Concord, CA) in a
pressure cooker for 20 minutes. Tissue sections were
stained with rabbit anti-Ki67 monoclonal antibody (Biocare
Medical) overnight at 4�C or rabbit anti-MUC2 antibody
(Santa Cruz Biotechnology, Dallas, TX) for 48 hours at 4�C,
followed by a 1-hour incubation with goat anti-rabbit
polymer-horseradish-peroxidase secondary antibody (Bio-
care Medical) at room temperature. The sections were
developed with ImmPACT 3,30-diaminobenzidine tetra hy-
drochloride substrate (Vector Laboratories, Inc, Burlingame,
CA) and counterstained with hematoxylin. Apoptosis in tis-
sue sections was detected with an ApopTag In Situ Oligo
Ligation Kit (MilliporeSigma, Burlington, MA), according to
the manufacturer’s instructions. Sections were counter-
stained with methyl green. Bright-field sections were scan-
ned using the Leica SCN400 Slide Scanner. At least 3
segments of the ileum (1-cm long) were chosen from each
mouse. The number of positive Ki67, MUC2, and terminal
deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end labeling cells were counted in at least
100 villi in each 1-cm long segment. The ZO-1 staining was
performed by incubating tissue sections with a rabbit anti-
mouse ZO-1 antibody (61-7300; Invitrogen Life Technolo-
gies) overnight at 4�C and a FITC-labeled goat anti-rabbit
IgG antibody (111-095-003; Jackson ImmunoResearch,
West Grove, PA) at room temperature for 1 hour. Fluores-
cent sections were scanned using the Leica Apiro Versa 200
platform.

Fixed enteroids were permeabilized for cleavage caspase
3 and E-cadherin double staining. Enteroids were incubated
with a rabbit anti-cleavage caspase 3 antibody (9661; Cell
Signaling Technology) overnight, followed by a mouse
anti–E-cadherin antibody (610181; BD Biosciences) for 1
hour at 4�C. Then, sections were incubated sequentially
with FITC-labeled anti-rabbit IgG (111-095-003; Jackson
ImmunoResearch) and Cy3-labeled anti-mouse IgG (115-
165-003; Jackson ImmunoResearch) secondary antibodies
for 1 hour for each antibody at room temperature. Sections
were mounted using Mounting Medium containing 40,6-
diamidino-2-phenylindole (P36931; Invitrogen/Thermo Fisher
Scientific) for nuclear counterstaining. Sections were observed
using the Nikon (Tokyo, Japan) spinning disk confocal platform
and images were recorded using the Andor DU-897 EMCCD
camera.
Reverse-Transcription PCR Assay
Ileal tissues were homogenized with a TissueLyser

(Qiagen) for RNA isolation with a RNeasy Mini Kit (Qiagen).
RNA was treated with RNase-free DNase (Qiagen). Reverse
transcription was performed with a high-capacity comple-
mentary DNA reverse-transcription Kit (Applied Bio-
systems, Foster City, CA). Reverse-transcription PCR was
performed with the 7300 Reverse-Transcription PCR Sys-
tem (Applied Biosystems) and primers for mouse TNF
(Mm00443259; Applied Biosystems) and mouse glyceral-
dehyde-3-phosphate dehydrogenase (4352339; Applied
Biosystems). The relative abundance of mouse glyceralde-
hyde-3-phosphate dehydrogenase mRNA was used to
normalize levels of the mRNAs of interest.
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Analysis of the Gut Microbiota by High-
Throughput Genomic Sequencing

Mouse feces were collected in a Stool Nucleic Acid
Collection and Preservation Tube (45630; Norgen Biotek
Corporation, Thorold, Ontario, Canada). Fecal genomic DNA
was extracted using the PowerSoil Pro kit (47016; Qiagen).
The bacterial abundance in feces was examined using high-
throughput genomic sequencing by One Codex (San Fran-
cisco, CA). The library was constructed using the Kapa
HyperPlus kit (07962428001; Roche Sequencing and Life
Science, Indianapolis, IN). Sequencing was performed using
Illumina’s NovaSeq 6000 platform (San Diego, CA) with a
target of 4 million of 2 � 150-bp reads per sample. Identi-
fication of bacterial sequences was performed using 2
reference databases, the One Codex database and a database
containing more than 8000 bacterial genomes in the Na-
tional Center for Biotechnology Information (NCBI) RefSeq
database. The One Codex database consists of 115,000
complete bacterial genomes, including bacterial, viral,
archaeal, and eukaryotic genomes (https://app.onecodex.
com/references). The human and mouse genomes were
included to screen out host reads. Three sequential steps
were applied to comparing a bacterial sample against these
reference databases: k-mer–based taxonomic classification
algorithm through a web-based data platform,47,48 artifact
filtering, and species-level abundance estimation. The rela-
tive abundance of each bacterial species was estimated
through the assessment of the depth and coverage of
sequencing across every available reference genome. The
scikit bio package (v0.5.6; http://scikit-bio.org/docs/0.5.6/
index) was used to calculate the a- and b-diversity metrics.
Statistical Analysis
All data are presented as means ± SD. Statistical signif-

icance was determined using 1-way analysis of variance,
followed by the Tukey multiple comparisons test or un-
paired t test for comparing data from 2 samples using
GraphPad Prism 9.0 (GraphPad Software, Inc, San Diego,
CA). R2 and P values for comparing weighted UniFrac b-
diversity between 2 groups were examined using the
permutational multivariate analysis of variance test imple-
mented in the R package vegan.49 A P value less than .05
was defined as statistically significant.

Results reported from in vitro studies represent data
from at least 3 independent experiments. Data from all mice
in this study were included in the analysis.

All authors had access to the study data and reviewed
and approved the final manuscript.
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