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SUMMARY
Early weaning usually causes small intestine epithelial development abnormality, increasing the risk of gastrointestinal diseases. Gluta-

mine (Gln), enriching in plasma and milk, is widely reported to benefit intestinal health. However, whether Gln affects intestinal stem

cell (ISC) activity in response to early weaning is unclear. Here, both the early weaning mice and intestinal organoids were used to study

the role of Gln in regulating ISC activities. Results showed thatGln ameliorated earlyweaning-induced epithelial atrophy and augmented

the ISC-mediated epithelial regeneration. Gln deprivation disabled ISC-mediated epithelial regeneration and crypt fission in vitro. Mech-

anistically, Gln augmentedWNTsignaling in a dose-dependentmanner to regulate ISC activity, whileWNTsignaling blockage abolished

the effects of Gln on ISCs. Together, Gln accelerates stem cell-mediated intestinal epithelial development associated with the augmen-

tation of WNT signaling, which provides novel insights into the mechanism by which Gln promotes intestinal health.
INTRODUCTION

Early weaning is a significant physiologic event that influ-

ences the development of the small intestine in humans

and livestock. Although the World Health Organization

recommends that infants be exclusively breastfed before

the age of 6 months after birth and continue breastfeeding

until 24 months, a proportion of young mothers have to

apply early weaning to their babies because of insufficient

milk supply, social stress, and work burdens (Maviso

et al., 2022; Victora et al., 2016). Studies have shown that

early weaning practice increases the risk of gastrointestinal

diseases, such as diarrhea, gastroenteritis, necrotizing

enterocolitis, and infectious diseases (Hall et al., 2020; Roll-

ins et al., 2016). In parallel, to improve the sow’s productiv-

ity in current swine husbandry, piglets are usually early

weaned at age 3 or 4 weeks (Verdile et al., 2019), which usu-

ally causes small intestinal epithelial dysplasia and further

leads to dysfunction in barrier and absorption (Lalles and

Montoya, 2021). As a result, early weaning piglets

commonly experience poor growth performance and

an increase in diarrhea and mortality (Wei et al., 2021).

Accumulated evidence suggests nutritional intervention

is an effective and safe strategy to alleviate early wean-

ing-induced small intestinal epithelial dysplasia (Wei

et al., 2021).

Glutamine (Gln), a functional amino acid that is nor-

mally enriched in mammalian serum and milk, is known

as a preferred energy substrate for intestinal epithelial cells,
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which in turn participate in many key metabolic processes

including nucleotide and protein biosynthesis (Deters and

Saleem, 2021; Wu, 2010). Small intestinal epithelium not

only catabolizes most of the Gln in the enteral diet but

also takes up a large amount of Gln from the arterial blood

(Jang et al., 2019; Reeds and Burrin, 2000). Interestingly,

Gln is the most abundant free amino acid in milk, suggest-

ing that Glnmay contribute to intestinal health and devel-

opment during lactation (Wu et al., 1996). Consistently, it

has been reported that Gln supplementation can alleviate

the small intestinal epithelial morphology damages, and

improve growth performance in early weaning piglets

(Ma et al., 2021; Wu et al., 1996). However, whether Gln

supplementation contributes to small intestinal epithelial

development in response to early weaning is still unclear.

Small intestinal epithelium undergoes rapid renewal,

withone regeneration every 2–5days, and acts as a dynamic

barrier against the external environment (Smith et al.,

1984). Small intestinal epithelial development is driven

by intestinal stem cells (ISCs) (Sato et al., 2009). ISCs are

located in crypt regions and asymmetrically differentiate

into one ISC and one transit-amplifying cell. The latter

further differentiates into mature functional cells such as

enterocytes, Paneth cells, enteroendocrine cells, and goblet

cells. Thesemature intestinal epithelial cells, except for Pan-

eth cells that stay in the crypt, furthermigrate up to villi and

eventually die programmatically (van der Flier and Clevers,

2009). Specifically, previous studies suggest that nutritional

level, early life stress, gut microbe, and aging factors can
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Figure 1. Ala-Gln supplementation alleviates early weaning-induced growth retardation and intestinal morphology damage
(A) Experimental procedure.
(B–D) The average weight of suckling and post-weaning mice was monitored during the experiment (n = 5–8 mice, means ± SEM; *p < 0.05,
**p < 0.01; t test, results of 3–4 independent experiments).
(E and F) The average daily body weight gain (E), initial weight, and final weight (F) were measured during the experiment (n = 7 to
20 mice, means ± SEM; *p < 0.05, **p < 0.01; one-way ANOVA, results of 3 independent experiments).

(legend continued on next page)
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affect intestinal epithelial homeostasis by regulating ISC

function (Alonso and Yilmaz, 2018; Pentinmikko et al.,

2019; Wong et al., 2019). Recent studies have shown that

Gln modulates macrophage polarization and regulates the

pluripotency in human embryonic stem cells (Liu et al.,

2017; Vardhana et al., 2019; Vigeland et al., 2021). These

findings raise the question of whether Gln regulates ISC

function to facilitate intestinal epithelial homeostasis dur-

ing early weaning.

WNT/b-catenin signaling plays an indispensable role in

ISC activities (Clevers and Nusse, 2012; Guillermin et al.,

2021; Zou et al., 2018). The activity of WNT signaling is

not only regulated by its ligands, inhibitors, and amplifiers

secreted by intestinal epithelium or mesenchyme but also

affected by other factors such as amino acid metabolism,

microbial metabolites, nerve growth factor, and inflamma-

tory cytokines (Frick et al., 2021; Lee et al., 2018; Wong

et al., 2019; Zha et al., 2019). Recently, WNT/b-catenin

signaling has been reported to regulate aging, early life

stress, and pathogen infection-interfered ISC function (Na-

lapareddy et al., 2022; Pentinmikko et al., 2019; Wong

et al., 2019).

Here, we establish an excellent earlyweaningmicemodel

and sought to determine howGln regulates ISC activities to

mediate intestinal development in vivo, ex vivo, and in vitro.

We discovered that Gln supplementation not only acts on

mature enterocytes but also augments the activity of ISCs

to accelerate intestinal epithelial regeneration, which is

associated with the enhancement of WNT signaling. Our

findings disclose a mechanism by which Gln promotes in-

testinal epithelial development during early weaning,

which may provide a basal theory for the application of

Gln in infant and young domestic animal nutrients.
RESULTS

Ala-Gln supplementation ameliorates intestinal

epithelial development and growth retardation of

early weaning mice

Firstly, we established the early weaning stressed mice

model as shown in Figure 1A.Our results showed that early

weaning leads to growth retardation and intestinal epithe-

lial atrophy in the first week (Figures 1B–1D and 1I).

Therefore, in our experiment, all mice were early weaned

at age 15 days to establish an early weaning model.

Compared with the weaned group, the average daily
(G and H) The small intestinal length (G) and small intestinal mass (H)
one-way ANOVA, results of 3 independent experiments).
(I) Representative images of H&E staining of jejunum in mice on day
(J and K) The villous height (J) and crypt depth (K) in mice were mea
**p < 0.01; one-way ANOVA, results of 3 independent experiments).
body weight gain, final weight, and small intestinal length

of mice in the Ala-Gln group were significantly increased

(Figures 1E–1G), while small intestinal mass and average

daily food and water intake of mice in the Ala-Gln group

were numerically increased (Figures 1H, S1A, and S1B).

However, there was no difference in the average daily

body weight gain, final weight, small intestinal length/

mass, or average daily food/water intake between the

weaned group and the Ala group (Figures 1E–1H, S1A,

and S1B). The results of jejunum H&E staining showed

that early weaning decreased the villus height of the

jejunum. Ala-Gln supplementation effectively ameliorated

this decrease in villus height induced by early weaning,

whereas there was no difference in villus height between

the weaned group and the Ala group (Figures 1I and 1J).

There was no significant difference in the crypt depth

among the groups (Figure 1K). Collectively, we successfully

established an early weaning model in mice, while Ala-Gln

supplementation effectively ameliorated early weaning-

induced intestinal atrophy and growth retardation.

Ala-Gln supplementation ameliorates early weaning-

induced plasma Gln deficiency

To explore whether plasma Gln is relatively deficient in

early weaning mice, we compared the plasma amino acid

profile of weaned and unweaned mice from the same litter

on day 4 post-weaning. The results showed that earlywean-

ing significantly decreased the concentration of plasma

Gln in early weaned mice (Figure S2). Next, to evaluate

whether Ala-Gln supplementation can alleviate early

weaning-induced Gln deficiency, the profile of plasma

amino acids was detected on day 7 post-weaning without

fasting or water prohibition. Concentrations of plasma

Gln in the Ala-Gln group were 19% greater than those in

the weaned group (Figure S3). Meanwhile, the Ala-Gln

group had 72% higher concentrations of plasma Ala than

that in the weaned group, indicating that Ala-Gln in drink-

ing water can be effectively absorbed by weaned mice (Fig-

ure S3). These results demonstrate that Ala-Gln supplemen-

tation alleviates the Gln deficiency in weaned mice caused

by early weaning.

Ala-Gln supplementation ameliorates the

proliferation and self-renewal of ISCs during early

weaning

To address whether Ala-Gln supplementation affects the

frequency of ISCs during early weaning, we performed
were determined (n = 6–7 mice, means ± SEM; *p < 0.05, **p < 0.01;

7 post-weaning are shown. Scale bars, 100 mm.
sured on day 7 post-weaning (n = 8 mice, means ± SEM; *p < 0.05,
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Figure 2. Ala-Gln supplementation increases the number and proliferation rate of ISCs in vivo
(A) Intestinal stem cells labeled with OLFM4 (green) in the section of the proximal jejunum. Scale bars, 40 mm.
(B) Thenumber of ISCwere quantified (n= 6mice,means± SEM; *p<0.05, **p<0.01; one-wayANOVA, results of 3 independent experiments).
(C) Intestinal stem cells were labeled with LGR5 (red) in the section of the proximal jejunum. Scale bar, 50 mm.
(D) Representative immunofluorescence images of ISC stained with OLFM4 (red) and DAPI (blue) are shown in the section of the proximal
jejunum. Scale bars, 50 mm.
(E) Quantification of integrate optical density (n = 6 mice, means ± SEM; *p < 0.05, **p < 0.01; one-way ANOVA, results of 3 independent
experiments).
(F) Representative images of crypt base columnar cells of immunofluorescence stained with KI67 (red) and DAPI (blue). Scale bars, 50 mm.
(G) Quantification of KI67-positive crypt base columnar cells (n = 6 mice, means ± SEM; *p < 0.05, **p < 0.01; one-way ANOVA, results of
3 independent experiments).
immunofluorescence using ISC-specific markers LGR5

and OLFACTOMEDIN-4 (OLFM4, an LGR5 co-expressed

protein) in the mice jejunum. Ala-Gln supplementation
1454 Stem Cell Reports j Vol. 18 j 1451–1467 j July 11, 2023
reversed early weaning-induced decrease of OLFM4-

positive ISCs (Figures 2A–2C). We next analyzed the

integrated density of OLFM4-positive fluorescence in



(legend on next page)
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low-magnification images, which showed that Ala-Gln

supplementation alleviated the decrease in the protein

level of OLFM4 induced by early weaning (Figures 2D

and 2E). To investigate the effect of Ala-Gln supplementa-

tion on the ISC proliferation in response to early weaning,

we performed immunofluorescence analysis for KI67, a

marker to label proliferating cells. Ala-Gln supplementa-

tion effectively alleviated the decrease in KI67-positive

crypt base columnar cells caused by early weaning

(Figures 2F and 2G). These data indicate that Ala-Gln sup-

plementation ameliorates the inhibition of ISC self-

renewal caused by early weaning.

Enteral Ala-Gln supplementation confers ex vivo ISCs

better capability to form enteroids

Given that Ala-Gln supplementation increases ISC self-

renewal activity in vivo, we ask whether it also boosts the

ISC-mediated regeneration of small intestinal epithelium.

The small intestinal organoid (enteroid)-forming ability

of the isolated crypts from jejunum, which is a proxy for

ISC function, was examined ex vivo. We found that the

ex vivo crypts isolated from the Ala-Gln group exhibit bet-

ter enteroid-forming capability (Figures 3A and 3B).

Furthermore, enteroids differentiated from the crypts of

the Ala-Gln group had more structure domains and bigger

sizes than these of weaned group (Figures 3A, 3C, and 3D),

indicating a better epithelial regeneration ability and a

higher crypt fission rate in the Ala-Gln group. Next, we

performed OLFM4 immunostaining to compare ISC quan-

tity in these groups. As shown in Figure 3H, enteroids

differentiated from the crypts of the Ala-Gln group had

more OLFM4-positive ISCs when compared with the

weaned group. Western blot data further showed that

Ala-Gln supplementation increased the protein levels of

OLFM4 in primary enteroids (Figure 3I). Interestingly,

when sub-cloned, secondary enteroids from the Ala-Gln

group also exhibited a better regeneration capacity than
Figure 3. Enteral Ala-Gln supplementation augments the activity
(A) Representative images of the morphology of primary enteroids exp
bars, 200 mm.
(B) Enteroid-forming capacity of mice jejunum crypts (n = 16, 16 wel
analyzed, means ± SD; *p < 0.05, **p < 0.01; t test, results of 3 inde
(C and D) Quantification of crypt domains (C) and surface area (D) per
mice per condition were analyzed, means ± SD; *p < 0.05, **p < 0.01
(E) Representative images of the morphology of secondary enteroids
bars, 200 mm.
(F and G) Quantification of crypt domains (F) and surface area (G) per se
condition were analyzed, means ± SD; *p < 0.05, **p < 0.01; t test,
(H) Representative images of primary enteroids of immunofluorescenc
100 mm.
(I) Western blot analysis of intestinal stem cells marker OLFM4 prote
3 independent mice per condition, results of 3 independent experime
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those from the weaned group (Figures 3E–3G). These

data indicate that enteral Ala-Gln supplementation con-

fers ex vivo ISC better capability to form enteroids and sup-

port intestinal development.

Gln deprivation disables the function of ISCs ex vivo

and in vitro

To verify the function of Gln in ISCs, we cultured primary

enteroids in media containing 0 mM Gln, 2 mM Ala,

2 mM Ala-Gln, or 2 mM Gln. We found that Gln depriva-

tion significantly reduced the size and crypt domains of

enteroids (Figures 4A, 4B, and 4D). However, there was

no difference between 2 mM Ala-Gln and 2 mM Gln

groups, or between 0 mM Gln and 2 mM Ala groups

(Figures 4A, 4B, and 4D). These data suggested that Ala

does not affect the functions of ISCs, while the Ala-Gln

acts as an efficient substitute for Gln in the enteroid me-

dium. To assess the effects of Gln deprivation on ISC pro-

liferation, we performed immunofluorescence for OLFM4

and found that Gln deprivation inhibited the expression

of ISC marker protein (Figure 4C). To investigate the ef-

fects of Gln deprivation on the function of ISCs in vitro,

we sub-cultured enteroids (more than 50 time passages

from the primary crypts) in the medium containing

0 mM Gln, 2 mM Ala, 2 mM Ala-Gln, or 2 mM Gln.

Consistent with the results ex vivo, the in vitro results

show that Gln deprivation significantly decreased enteroid

size and crypt domains (Figures 4E, 4F, and 4H), indicating

an essential role of Gln in crypt fission. We also found that

Gln deprivation inhibited ISC marker protein expression

in the sub-cultured (in vitro) enteroids (Figure 4G). Interest-

ingly, the re-supplementation of Gln was able to rescue the

enteroid growth defects in the Gln deprivation condition

(Figure 4H). Instead, prolonged Gln deprivation for more

than 96 h led to the atrophy of enteroids (Figure 4I). Taken

together, these results suggest that Gln is essential for ISC

function both ex vivo and in vitro.
of ex vivo ISCs to form enteroids
anded from crypt cells at 24, 48, 72, 96, and 120 h are shown. Scale

ls of separated crypts from 4 independent mice per condition were
pendent experiments).
primary enteroids at 96 h (n = 24, 24 enteroids from 4 independent
; t test, results of 3 independent experiments).
expanded from crypt cells at 12, 36, 60, and 84 h are shown. Scale

condary enteroid (n = 18, 18 enteroids from 3 independent mice per
results of 3 independent experiments).
e stained with OLFM4 (green) and DAPI (blue) are shown. Scale bars,

in expression in primary enteroids (n = 3, primary enteroids from
nts).
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Gln supplementation augments ISC stemness in vitro

To investigate the effects of Gln on the stemness of ISCs

in vitro, we cultured in vitro enteroids (more than 50 pas-

sages from the primary crypts) in medium containing

0 mM Gln, 0.05 mM Gln, or 5 mM Gln, respectively. We

found that Gln supplementation increased crypt domains

and surface area of enteroids in a dose-dependent manner

(Figures 5A–5C). In addition, qRT-PCR results showed

that Gln promotes a subset of ISC marker gene expression

in enteroids in a dose-dependent manner (Figure 5D).

Moreover, OLFM4 immunostaining showed that Gln sup-

plementation elevates the number of OLFM4-positive

ISCs in enteroids in a similar pattern (Figure 5E). Western

blot further confirmed that 5 mM Gln supplementation

increased OLFM4 expression in the enteroids when

compared with the control (Figure 5F). These results sug-

gest that Gln supplementation promotes ISC stemness

in vitro.

Gln supplementation augments the WNT/b-catenin

signaling pathway in ISCs

Next, we ask whether the WNT/b-catenin pathway is

involved in regulating Gln supplementation-mediated

ISC function. R-Spondin is aWNTamplifier, which is added

to the enteroid culture medium to support the growth of

enteroids. We found that a relatively low dosage of

R-spondin is sufficient to drive the growth of primary

enteroids from the Ala-Gln supplementation group

(Figures 6A–6D). Then, we measured the level of b-catenin

(a surrogate for canonical WNT signaling) in the primary

crypts of early weaning mice with or without Ala-Gln sup-

plementation. Immunostaining data also found that both

OLFM4 and b-catenin are much more accumulated in the

Ala-Gln supplementation group than that in the weaned

group (Figure 6E). In addition, western blot results showed

that Ala-Gln supplementation increased the b-catenin
Figure 4. Gln deprivation disables the functions of ISCs ex vivo a
(A and B) Quantification of crypt domains (A) and surface area (B) pe
2 mM Ala, 2 mM Gln, or 2 mM Ala-Gln were measured at 96 h (n = 12,
analyzed, means ± SD; *p < 0.05, **p < 0.01; one-way ANOVA, result
(C) Representative images of primary enteroids of immunofluorescenc
100 mm.
(D) Representative of images of primary enteroids at 48 and 96 h. Sc
(E and F) Quantification of crypt domains (E) and surface area (F) of th
2 mM Ala, 2 mM Gln, or 2 mM Ala-Gln were measured at 96 h (n = 12,
**p < 0.01; one-way ANOVA, results of 4 independent experiments).
(G) Representative images of enteroids immunofluorescence stained
(H) Representative bright-field images of the 50 more time-passaged
or 2 mM Ala for 72 h, and the enteroids that were growing in 0 mM Gl
additional 48 h culture. Scale bars, 100 mm.
(I) Representative images of the in vitro enteroids immunofluorescenc
100 mm.

1458 Stem Cell Reports j Vol. 18 j 1451–1467 j July 11, 2023
expression in jejunum crypts (Figure 6F). To examine

whether Gln supplementation-mediated ISC function is

dependent on the WNT signaling pathway, a specific

WNT antagonist IWP-2 was applied for in vitro enteroids.

As expected, the budding efficiency and expansion of

2 mM Gln-supplemented enteroids were dramatically

increased, while co-treatment with Gln and IWP-2 signifi-

cantly reduced enteroid budding efficiency and expansion

(Figures 6G–6I). Besides, qRT-PCR results showed that the

mRNA expression levels of a group of WNT-responsive

genes, including b-Catenin, Cmyc, Cd44, Axin2, Lgr5, and

Olfm4, increased in a dose-dependent manner (Figure 6K).

Gln supplementation increased the transcription of WNT

receptors Lrp5 and Lrp6, but it did not affect the transcrip-

tion of WNT ligand Wnt3 (Figure 6K). Western blot results

showed that the Gln supplementation increases both cyto-

plasmic b-catenin and nuclear b-catenin levels in the enter-

oid crypt domains (Figure 6L). Immunofluorescence data

also showed that Gln supplementation increased the b-cat-

enin expression in the enteroid crypt domains (Figure 6J).

To further demonstrate whether the WNT/b-catenin

pathway is involved in Gln’s action on ISCs, we conducted

the co-treatment of Gln and IWP-2 experiment in vivo.

Both early weaning and IWP-2 treatment attenuated

the capability of ISCs to drive the growth of primary enter-

oids, including the size and crypt domains of enteroids

(Figures S4A–S4C). Gln supplementation effectively

ameliorated early weaning-induced inhibition of the capa-

bility of ISCs to drive the growth of primary enteroids, but

co-treatment with IWP-2 abolished this action of Gln on

ISCs (Figures S4A–S4C). The results of immunohistochem-

istry and immunofluorescence of b-catenin showed

that IWP-2 co-treatment antagonized the increase of b-cat-

enin levels in crypts induced by Gln supplementation

(Figures S4D–S4F). IWP-2 co-treatment also nullified the re-

lief effect of Gln in preventing the reduction of ISC number
nd in vitro
r primary enteroids cultured in Gln-free medium supplemented with
12 primary enteroids from 3 independent mice per condition were
s of 3 independent experiments).
e stained with OLFM4 (green) and DAPI (blue) at 96 h. Scale bars,

ale bars, 100 mm.
e stable-passaged enteroids in Gln-free medium supplemented with
12 enteroids per condition were analyzed, means ± SD; *p < 0.05,

with OLFM4 (green) and DAPI (blue) at 96 h. Scale bars, 100 mm.
enteroids in medium containing 0 mM Gln, 2 mM Gln, 2 mM Ala-Gln,
n medium were switched to 2 mM Gln supplemented medium for an

e stained with OLFM4 (green) and DAPI (blue) at 120 h. Scale bars,



Figure 5. Gln supplementation augments the activity of ISCs in vitro
(A). Representative bright-field images of the stable-passaged enteroids grown for 72 h in medium containing 0, 2, or 5 mM Gln. Scale bars,
100 mm.
(B and C) Crypts domains and surface area of stable-passaged enteroids were measured (n = 12, 12 enteroids per condition were analyzed,
means ± SD; *p < 0.05, **p < 0.01; one-way ANOVA, results of 4 independent experiments).
(D) Heat maps were generated based on levels of the stemness marker genes of ISC cells in vitro. The data represent fold-change differences
relative to the 0 mM Gln group. Genes with a corresponding adjusted p value less than 0.05 were considered statistically significant (n = 4,
4 independent wells of enteroids, *p < 0.05, one-way ANOVA, results of 3 independent experiments).
(E) Representative images of enteroid immunofluorescence stained with OLFM4 (green) and DAPI (blue) at 72 h. Scale bars, 100 mm.
(F) Western blot analysis of intestinal stem cell marker OLFM4 protein expression (n = 4, 4 independent wells of enteroids per group, results
of 3 independent experiments).
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(Figures S4G and S4H) and proliferation (Figures S4I and

S4J) caused by earlyweaning. Accordingly, the beneficial ef-

fects of Gln supplementation on ISC-derived epithelial

regeneration (Figures S4K and S4N), villous height (Fig-

ure S4L), and body weight (Figure S4M) were removed by

co-treatment with IWP-2. In summary, Gln dose depen-

dently enhances the WNT/b-catenin signaling pathway

in ISCs, whileWNTsignaling blockage abolishes the effects

of Gln on ISCs.

Gln supplementation promotes ISC-mediated

epithelial regeneration in vivo and in vitro

To understand the mechanism of how enteral Ala-Gln sup-

plementation rescues the small intestinal epithelial atro-

phy induced by early weaning, we first carried out a

TUNEL experiment. The results showed that early weaning

leads to apoptosis in the small intestinal epithelium, with a

high-density accumulation of TUNEL-positive cells on the

top of the villus, whereas Gln supplementation partially

alleviated this phenotype (Figures 7A and 7D). Next, to

assess the rate of intestinal epithelial renewal, wemeasured

the migration height of proliferating and differentiating

cells from the crypt to the villus compartment by EdU la-

beling. We found that Gln supplementation reversed the

decrease in the migration height of basal cells caused by

early weaning (Figures 7B and 7C). Therefore, Gln supple-

mentation not only decreased the amount of apoptosis of

villous top epithelial cells but also boosted the regeneration

of the small intestinal epithelium, which jointly amelio-

rates small intestinal villus atrophy caused by early

weaning.

To further study the effects of Gln supplementation on

differentiation directions of ISC in vitro enteroids, we
Figure 6. Gln enhances ISC WNT signaling in vivo and in vitro
(A and B) Crypt domains and surface areas quantification of primary e
cultured with indicated concentrations of R-spondin (n = 18, 18 prima
means ± SD; *p < 0.05, **p < 0.01; one-way ANOVA, results of 3 ind
(C) Representative images of primary enteroids at 96 h in vitro cultur
(D) Representative image of crypts isolated from the jejunum of the e
bars, 10 mm.
(E) Representative image of jejunum crypts immunofluorescence stain
40 mm.
(F) Western blot analysis of b-catenin protein expression in jejunum
results of 3 independent experiments).
(G) Representative bright-field images of enteroids treated with/with
(H and I) Crypt domains and surface area of enteroids were measured at
*p < 0.05, **p < 0.01; one-way ANOVA, results of 3 independent exp
(J) Representative images of primary enteroids immunofluorescence s
100 mm.
(K) qRT-PCR analyses on the expression of multiple WNT-target genes
group, means ± SD; *p < 0.05, **p < 0.01; one-way ANOVA, results o
(L) Western blot analysis of cytoplasm and nucleus b-catenin levels o
group, results of 3 independent experiments).
cultured enteroids in medium containing 0 mM Gln,

0.05 mM Gln, or 5 mM Gln, respectively, for 3 days, and

examined themarker gene expression of transit-amplifying

cells, enterocytes, goblet cells, enteroendocrine cells, and

Paneth cells. qRT-PCR results showed that Gln supplemen-

tation increased the expression of transit-amplifying cell

markers Prom1 and Zfp652, and enterocyte cell marker

Vill in a dose-dependent manner, confirming that Gln sup-

plementation promotes intestinal epithelial regeneration

in vitro, but the Gln supplement did not change the expres-

sion of goblet cellmarker (MUC2) and enteroendocrine cell

marker (CHGA) in enteroids (Figure 7E). PAS and immuno-

fluorescence results also showed that neither early weaning

nor Ala-Gln supplementation changed the number of

goblet cells and enteroendocrine cells in small intestinal

epithelium in vivo (Figures 7F, 7G, 7I, and 7J). Gln decreased

the expression of Paneth cell markers Lysozyme and Mmp7

in vitro (Figure 7E), while Ala-Gln supplementation allevi-

ated the decrease of Paneth cells in vivo caused by early

weaning (Figures 7H and 7K). To summarize, Gln supple-

mentation promotes the differentiation of ISCs into

transit-amplifying cells and further into enterocyte cells,

which may contribute to the development of small intesti-

nal epithelium in early weaning mice.
DISCUSSION

The beneficial role of Gln in intestinal health has been

widely demonstrated in animal models and patients. The

mechanism by which Gln regulates mature enterocytes is

well understood. However, whether Gln affects ISC activity

to mediate intestinal epithelial homeostasis in response to
nteroids from the mice in the weaned group and the Ala-Gln group
ry enteroids from 3 independent mice per condition were analyzed,
ependent experiments).
e are shown. Scale bars, 100 mm.
arly weaning mice with or without Ala-Gln supplementation. Scale

ed with b-catenin (green), OLFM4 (red), and DAPI (blue). Scale bars,

crypts (n = 3, separated crypts from 3 independent mice per group,

out Gln and IWP-2. Scale bars, 200 mm.
72 h (n = 12, 12 enteroids per condition were analyzed, means ± SD;
eriments).
tained with b-catenin (green) and DAPI (blue) at 96 h. Scale bars,

in the enteroid crypt domains at 72 h (n = 8, 8 wells of enteroids per
f 3 independent experiments).
f the enteroid crypt domains at 96 h (n = 3, 3 wells of enteroids per
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Figure 7. Effects of Gln supplementation on epithelial regeneration and ISC differentiation in vivo and in vitro
(A) Quantification of apoptotic cells per villus top (n = 6 mice, means ± SEM; *p < 0.05, **p < 0.01; one-way ANOVA, results of 3 in-
dependent experiments).
(B) Quantification of cell migration after 24 h EdU labeling. EdU cell migration distance was used as an absolute measure of distance from
the crypt bottom to the cell that had migrated the furthest (n = 4 mice, means ± SEM, **p < 0.01, one-way ANOVA, results of 3 independent
experiments).
(C) Representative confocal images of cell migration in suckling and weaned mice with 24 h EdU labeling. Scale bars, 100 mm.
(D) Representative images of immunofluorescence represent the overlap of positive signal (green) and nuclear signal (blue). Scale bars, 20mm.
(E) Relative mRNA levels of transit-amplifying cells Prom1 and Zfp652, enterocyte marker Vill, Paneth cells markers Lysozyme and Mmp7,
enteroendocrine Chga and Globet cells marker Muc2 in enteroids were analyzed by qPCR (n = 8, 8 wells of enteroids per group, means ± SEM;
*p < 0.05, **p < 0.01; one-way ANOVA, results of 3 independent experiments).
(F–H) The number of goblet cells (F), enteroendocrine cells (G), and Paneth cells (H) per crypt-villus were quantified (n = 6 mice, means ±
SEM, *p < 0.05, one-way ANOVA, results of 3 independent experiments).
(I) Representative images of goblet cells. Scale bars, 200 mm. (J and K) Representative immunofluorescence images of lysozyme (red),
CHGA (red), and DAPI (blue) in the jejunum. Scale bars, 100 mm.
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early weaning-induced small epithelial development retar-

dation has yet to be elucidated. In this study, both the early

weaning mice model and the three-dimensional enteroids

model were used to explore how Gln affects ISC function

to mediate epithelial development in vivo, ex vivo, and

in vitro. We discovered that Gln is essential for ISCs to

mediate intestinal epithelial development. Gln supple-

mentation augments ISC activity to accelerate intestinal

epithelial regeneration, which is associated with the

augmentation of WNT signaling. For the first time, our

findings provide insights into the mechanism by which

Gln promotes intestinal development in response to early

weaning from the perspective of ISCs.

Early weaning usually causes abnormal intestinal

morphology, dysfunction, and growth arrest in early wean-

ing piglets (Lalles andMontoya, 2021). To facilitate amech-

anism study, we established a novel early weaning mice

model with significant intestinal growth retardation. In

the present model, early weaning mice developed similar

symptoms to early weaning piglets (Wei et al., 2021),

including decreased villus height, increased enterocyte

apoptosis, and growth retardation. During weaning, Gln

is the most abundant free amino acid in sows’ milk (Wu

et al., 1996). In addition, up to 67%–70% of Gln in the

enteral diet is catabolized by the small intestinal epithe-

lium of weaning piglets (Wu, 2010). These findings suggest

that Glnmay play a crucial role in small intestinal develop-

ment and homeostasis at this growth stage. In this study,

Ala-Gln supplementation alleviated early weaning-caused

intestinal epithelial atrophy and growth retardation in

weaned mice, which is consistent with previous findings

in malnourished children and mice and weaning piglets

(Lima et al., 2007; Ma et al., 2021). These findings prompt

us to explore the potential mechanism of Gln in ISC-

mediated small intestinal development using early wean-

ing mice.

The concentration of plasmaGln in earlyweaning piglets

gradually increases over the 0- to 14-day period post-wean-

ing, which implies that the requirement for Gln in piglets

rises subsequently to weaning (Wu et al., 1996). In this

study, we directly confirmed that plasma Gln is relatively

deficient in early weaning mice by comparing the plasma

Gln levels between suckling and weaned mice on day 4

post-weaning. The previous finding indicated that free

Gln supplementation can increase the concentration of

plasma Gln in human volunteers (Boza et al., 2000). In

our study, we found that Ala-Gln supplementation only

increased the concentration of Gln in plasma by 19%

(from 634.47 to 765.98 mmol/L), while alanine was

increased by 73% (from 205.70 to 356.13 mmol/L), which

may be due to extensive catabolism of Gln by the small in-

testinal epithelium during the first pass. Crypt structure is

considered to be a barrier to maintaining the homeostasis
of ISCs, including a metabolic barrier (Gehart and Clevers,

2019; Lee et al., 2018). For example, studies have shown

that oral feeding of lactate can reach the bottom of intesti-

nal crypts, but butyrate and hydroxyl-butyrate cannot

(Kaiko et al., 2016; Lee et al., 2018). Thus, it is reasonable

to question whether the enteral Gln reaches the crypt.

Although we cannot determine whether oral feeding of

Gln directly reaches intestinal crypts, it can be assumed

that oral feeding of Gln can provide more Gln (arterial or

enteral Gln) for ISCs. First, enteral Gln supplementation

would provide sufficient amounts of Gln to the enterocytes

and, hence, would spare Gln in mucosal arterial blood for

ISC needs. Second, we found that Ala-Gln supplementa-

tion indeed increased the concentration of Gln in the arte-

riovenous mixed blood of early weaning mice. Third, it has

previously been reported that enteral administration of

proteins rich in Gln does not elevate Gln concentration

in plasma but improves its concentration in the intestinal

mucosa (Preiser et al., 2003). Future studies are needed

to determine whether enteral Gln can directly reach intes-

tinal crypts for ISC-derived small intestinal epithelial

regeneration.

Gln is a nonessential amino acid that can be synthesized

by transamination in cells, and it is considered a condi-

tionally essential/functional amino acid (Wu, 2010). In

this study, we found that Gln deprivation disabled ISCs

from mediating intestinal epithelial regeneration, which

may partly explain the phenomenon that depleting blood

Gln by glutaminase eventually leads to intestinal necrosis

and ulcerations (Baskerville et al., 1980). Interestingly, we

observed that reintroduction of Gln after 72 h of depriva-

tion reactivated ISCs to support enteroid size expansion

and new crypt domain formation, while Gln deprivation

beyond 96 h led to enteroid atrophy. Therefore, it can be

concluded that Gln is essential for the function of ISCs.

Gln is the substrate for mature intestinal epithelial cells

to support intestinal functions and the synthesis of pyrim-

idines and purines in rapidly dividing cells (Hosios et al.,

2016). Until now, little is known about the effect of Gln

on the ISC self-renewal homeostasis. Recently accumu-

lated findings suggest that ISC self-renewal homeostasis,

including their number and proliferation, is easily disrup-

ted in response to changes in the luminal environment

(Gehart and Clevers, 2019). In the present study, we found

that Gln supplementation reversed the decrease in the

proliferation rate and number of ISCs caused by early

weaning. In parallel, the ISC marker levels and crypt do-

mains of the in vitro enteroids were also increased by the

Gln supplement in a dose-dependent manner. Therefore,

we conclude that Gln supplementation enhances the

self-renewal of ISC activity, thus providing sufficient

ISCs to differentiate and replenish the intestinal epithelial

cells.
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Intestinal epithelial injury caused by different factors,

such as chemoradiotherapy, stress, inflammation, and

malnutrition, is usually accompanied by epithelial atrophy

(Shaw et al., 2012). Studies have shown that Gln supple-

mentation can effectively alleviate intestinal epitheliumat-

rophy (Ma et al., 2021; Wu et al., 1996). Given that mature

enterocytes no longer proliferate and the regeneration of

intestinal epithelium is commonly driven by ISCs, we hy-

pothesize that Gln supplementation improves the ability

of ISCs to mediate epithelial regeneration. Testing the abil-

ity of ISCs to form enteroids is a reliable ex vivomethod for

evaluating the function of ISCs in driving epithelial regen-

eration. Small intestinal crypts have a high rate of fission to

support the growth of the small intestine in young animals

and contribute to intestinal length (Baker et al., 2019;

Bruens et al., 2017; Brunsgaard, 1997). In this study, we

found that early weaning weakened the capability of ISCs

to drive the growth of primary enteroids, whereas Gln sup-

plementation increased the efficiency of enteroid forma-

tion, enteroid size, and crypt domains ex vivo, and this phe-

nomenon even exists in the secondary enteroids. In vitro,

enteroid size and crypt domains were also increased by

the Gln supplement in a dose-dependent manner. These

results may partly explain why Gln supplementation

increased the length of the small intestine in early weaning

mice. In vivo, we found that Gln supplementation

increased the heights of EdU-positive cells migrating

from crypts to villi during 24 h. This is consistent with pre-

vious reports that Gln supplementation increased the

number of EdU-positive cells in crypts (Moore et al.,

2015; Ueno et al., 2011). Therefore, these results verify

that Gln supplementation improves the ability of ISCs to

mediate epithelial regeneration.

Accumulating findings underline the importance of

WNT signaling in ISCs for epithelial regeneration in

response to intestinal damage (Guillermin et al., 2021;

Zou et al., 2018). We further hypothesized that the WNT

signaling is involved in the augments of ISC activity by

Gln. In this study, we first found that a relatively low

dosage ofWNTamplifier is sufficient to support the growth

of primary enteroids from the Ala-Gln supplementation

group. In in vitro enteroids, Gln increased the expression

of WNT-responsive genes and the level of nuclear b-cate-

nin, a surrogate for canonical WNT signaling (MacDonald

et al., 2009). Furthermore, WNT signaling blockage in-

hibited Gln-stimulated enhancement of ISC function in

enteroids. Interestingly, co-treatment with a WNT inhibi-

tor in vivo abolished the Gln supplementation-boosted

capability of ISCs to drive the growth of primary enteroids

and the enhancement of b-catenin levels in crypts during

early weaning. Furthermore, the beneficial action of Gln

supplementation on ISC self-renewal activity, ISC-derived

epithelial regeneration, villous height, and body weight
1464 Stem Cell Reports j Vol. 18 j 1451–1467 j July 11, 2023
was negated by co-treatment with a WNT inhibitor in vivo.

Thus, we proposed that Gln promotes the function of ISCs,

which is associated with the enhancement of WNT/b-cate-

nin signaling. Future studies are needed to elucidate the

mechanism by which Gln augments WNT signaling

in ISCs.

Although we have clarified that Gln promotes the func-

tion of ISCs, the process of Gln promoting intestinal

epithelial homeostasis is still incompletely understood.

Furthermore, we found that Ala-Gln supplementation alle-

viated the excessive apoptosis of enterocytes at the top

of villi. This is consistent with the previous studies that

Gln supplementation decreased epithelial apoptosis in

malnourished weanling mice and early weaning piglets

(Ma et al., 2021; Ueno et al., 2011). In vitro, Gln promoted

the differentiation of ISCs into transit-amplifying cells and

then into enterocytes, which is consistent with our in vivo

results that Ala-Gln supplementation accelerated the

migration of crypt cells to the top of villi. Therefore, these

findings suggest that Gln supplementation not only re-

duces excessive apoptosis of mature enterocytes but also

accelerates the differentiation of ISCs into enterocyte

cells migrating to villi, which jointly ameliorates early

weaning-induced epithelium abnormality. Overall, Gln

supplementation confers intestinal epithelium a stronger

regenerative capacity to counteract the disruption of ho-

meostasis caused by early weaning.

In summary, our findings reveal thatGln accelerates stem

cell-mediated small intestinal epithelial development,

which is associated with the augmentation of WNT

signaling. Our findings provide novel insights into the

mechanism by which Gln supplementation promotes in-

testinal health in response to earlyweaning practice, which

may guide Gln’s application in infant and young domestic

animal nutrition.
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Early weaning model of mice
All pups were weaned on postnatal day 15. On postnatal day 14,

the mother was taken away from their pup’s cage for 18 h consec-

utively (3:00 p.m. to 9:00 a.m.). After separation, the mother was

returned to their pup’s cage for 6 h (9:00 a.m. to 3:00 p.m.), which
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is to make the pup adapt better to life after weaning, and then the

mother was taken away fromher pups forever. All animal protocols

were approved by the Laboratory Animal Ethical Commission of

the Institute of Subtropical Agriculture (Permit No. ISA-267/2019

for the mice experiment), the Chinese Academy of Sciences.

Animal experiments design
To establish the early weaning mice model, pups from the same

litter were randomly divided into two groups on the basis of similar

body weights (n = 3–4 per group). The suckling group lived with

their mothers, whereas the weaned group lived alone. To investi-

gate the effects of Gln supplementation on early weaning mice,

early weaning pups from the same litter were randomly divided

into two groups on the basis of similar body weights (n = 3–4 per

group). Mice in the weaned group were free to drink water, while

the Ala-Gln group was free to drink 2% L-alanyl-L-glutamine (So-

larbio, Beijing, China) supplemented water, equaling a solution

of 111 mM Ala-Gln. To assess the effects of alanine (Solarbio) sup-

plementation on early weaningmice, early weaning pups from the

same litter were randomly divided into two groups on the basis of

similar body weights (n = 3–4 per group). The weaned group was

free to drink water, while the Ala group was free to drink a solution

of 111mMof L-alanine (Solarbio) in water. Three ormore weaning

mice were caged together in each group. We measured the body

weight every day and recorded food consumption weekly in the

groups. The water was changed every 3 days. On day 7 post-wean-

ing, the mice were sacrificed to collect jejunual tissues and blood

for further analysis.

Statistical analyses
Data, expressed as means ± SEM or means ± SD, were analyzed sta-

tistically using SPSS 22.0 software. An independent t test was used

to compare the two groups. Data from three or more groups were

analyzed by one-way ANOVA followed by LSD multiple compari-

sons. The ‘‘n,’’ noted in the figure legends, represents the replicated

number of mice, enteroids, or enteroid cultures in the experiments

depicted. *p < 0.05 and **p < 0.01 were considered statistically sig-

nificant. All data are representative of at least three independent

experiments.
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