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Mucus forms the first line of defence of the intestinal mucosa barrier, and mucin is its core component. Glutamine
is a vital energy substance for goblet cells; it can promote mucus synthesis and alleviate damage to the intestinal
mucus barrier after burn injury, but its mechanism is not fully understood. This study focused on the molecular
mechanisms underlying the effects of glutamine on the synthesis and modification of mucin 2 (MUC2) by using
animal and cellular models of burn sepsis. We found that anterior gradient-2 (AGR2) plays a key role in the
posttranslational modification of MUC2. Oxidative stress induced by burn sepsis enhanced the S-gluta-
thionylation of AGR2, interfered with the processing and modification of MUC2 precursors by AGR2 and blocked
the synthesis of mature MUC2. Further studies revealed that NADPH, catalysed by glucose-6-phosphate dehy-
drogenase (G6PD), is a key molecule in inhibiting oxidative stress and regulating AGR2 activity. Glutamine
promotes O-linked N-acetylglucosamine (O-GlcNAc) modification of G6PD via the hexosamine pathway, which
facilitates G6PD homodimer formation and increases NADPH synthesis, thereby inhibiting AGR2 S-gluta-
thionylation and promoting MUC2 maturation, ultimately reducing damage to the intestinal mucus barrier after
burn sepsis. Overall, we have demonstrated that the central mechanisms of glutamine in promoting MUC2
maturation and maintaining the intestinal mucus barrier are the enhancement of G6PD glycosylation and in-
hibition of AGR2 S-glutathionylation.

1. Introduction

barrier in the development and progression of sepsis has attracted
increasing attention, and maintenance of intestinal function has become

Patients with severe burns have extensive skin destruction combined
with intense postinjury stress, tissue ischaemia/hypoxia, hypermetabo-
lism and immune dysfunction, which puts them at high risk of devel-
oping sepsis [1,2]. Currently, multiple organ dysfunction syndrome
(MODS) caused by sepsis has become the leading factor in burn lethality,
accounting for 50-60% of total mortality [3-5]. Therefore, burn sepsis
has become a common concern in the fields of burns and critical care
medicine. In recent years, the role of an impaired intestinal mucosal

an important aspect in sepsis therapy [6-9]. The intestinal mucosal
barrier is a core tissue structure for maintaining the stability of the
body’s internal environment. It consists of mechanical, immune, bio-
logical and mucus barriers, of which the mucus barrier is the first line of
defence against the invasion of pathogenic microorganisms [10,11]. The
intestinal mucus plays an important role in maintaining the stability of
the internal environment by coordinating with the other three barriers
[12-14].
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Intestinal mucus is a multicomponent gel complex whose core
component is mucin [15]. There are several subtypes of mucins in the
intestine, with mucin2 (MUC2) being the major subtype in the colon
[14]. The posttranslational MUC2 precursor is first folded and glycosy-
lated in the endoplasmic reticulum (ER) to form mature MUC2, which is
subsequently modified with salivary acidification in the Golgi apparatus
to form large gel-like mucus that is secreted into the intestinal lumen
[15-18]. Thus, the processing of mucin precursors into mature mucins in
the ER is the first and critical step in mucus synthesis. Anterior
gradient-2 (AGR2) in the ER is regarded as a key enzyme for the syn-
thesis and modification of mucins [19,20]. It is a member of the protein
disulfide isomerase (PDI) family with redox and molecular chaperone
functions that process and modify immature mucins into mature mucins
[21,22]. The activity of AGR2 depends on its redox balance, and
oxidative stress can lead to a decrease in AGR2 enzyme activity, hence
impeding the synthesis and modification of mucins [23].

In pathological states such as burns, trauma, and sepsis, large
amounts of reactive oxygen species (ROS) are generated due to tissue
ischaemia-reperfusion and excessive inflammatory responses [24,25].
It will continuously consume reduced glutathione (GSH), leading to an
increase in oxidized glutathione (GSSG), triggering cellular redox
imbalance [25,26]. Excessive ROS not only leads to cellular damage
directly, but also triggers ER stress (ERS) due the imbalance of the ratio
of GSH/GSSG, leading to impaired mucin synthesis and disruption of the
intestinal mucus barrier [26,27]. Further research has found that a
decrease in the intracellular GSH/GSSG ratio when exposed to ROS can
lead to glutathionylation modification of a variety of
sulfhydryl-containing proteins, which is called protein S-gluta-
thionylation [27,28]. In mammalian cells, S-glutathionylation functions
as a protective mechanism against irreversible oxidation of the sulfhy-
dryl group of cysteine [29]. However, it inevitably causes changes in the
charge and spatial structure of the protein, interferes with protein
function, and leads to enhanced or suppressed activity [30,31]. More
evidence shows that redox regulation by S-glutathionylation contributes
to physiological processes, and aberrant S-glutathionylation is associ-
ated with various diseases, from diabetes, cancer, neurodegeneration,
and pulmonary fibrosis to liver and cardiovascular diseases [27,31-33].
Whether reduced AGR2 activity and impaired mucin synthesis due to
oxidative stress are associated with enhanced S-glutathionylation of
AGR2 is unclear, and is one of the focuses of this study.

The GSH and GSSG equilibrium constitutes the most critical cellular
redox system, and its ratio affects the glutathionylation status of a
protein [30]. Changes in GSH/GSSG ratios could influence many pro-
teins by causing glutathionylation modification at specific protein cys-
teinyl residues [27,34]. The mutual transformation of GSH and GSSG
depends on the involvement of reduced nicotinamide adenine dinucle-
otide phosphate (NADPH), which is considered a key reducing trans-
mitter in the body and can provide electron donor or acceptor for
glutathione conversion through the NADPH/NADP + cycle [27,35].
There are several NADPH synthesis pathways in vivo. In addition to the
predominant pentose glucose phosphate pathway (PPP), other genera-
tion pathways of NADPH include reactions catalysed by isocitrate de-
hydrogenase 1 (IDH1), malic enzyme 1 (ME1l) and methylene
tetrahydrofolate dehydrogenase 1 (MTHFD1). Of these, the PPP con-
tributes over 60% to the synthesis of NADPH [36,37].
Glucose-6-phosphate dehydrogenase (G6PD) is the rate-limiting enzyme
in the PPP. It catalyses the conversion of glucose-6-phosphate to ribose
5-phosphate and generates bimolecular NADPH in a two-step oxidation
reaction [38,39]. Therefore, research on G6PD may contribute to
elucidating the deeper mechanisms of mucin synthesis and modification.

Glutamine (Gln) is the most important energy substance for intesti-
nal epithelial cells, and it plays a critical role in reducing intestinal
mucosa damage after burns [40-42]. Our previous studies have shown
that Gln administration apparently reduces postburn intestinal goblet
cell damage, promotes mucus synthesis and secretion, and maintains the
intestinal mucus barrier. The mechanism is related to promoting NADPH
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synthesis and increasing GSH content [26,43], but past research has not
considered G6PD. It has been reported in the literature that GIn pro-
motes G6PD synthesis through the Nrf2 signaling pathway, but whether
it affects enzymatic activity has not been determined [44]. We hy-
pothesized that Gln might potentially have a regulatory effect on G6PD
activity. To test this hypothesis, in the current study, we used a burn
sepsis mouse model and a cellular model of LPS-stimulated HT29 Cl.16E
cells to explore the mechanism of GIln maintenance of the intestinal
mucus barrier. Our experiments revealed that Gln can enhance the
glycosylation of G6PD, induce homodimer formation to enhance
enzyme activity, and promote NADPH synthesis, thereby reducing burn
sepsis-induced oxidative stress, maintaining AGR2 redox homeostasis,
promoting the synthesis of mature MUC2, and maintaining the intestinal
mucus barrier.

2. Materials and methods
2.1. Animals

Healthy male BALB/c mice (22-25 g, 8-10 weeks old) were pur-
chased from the Laboratory Animal Center of the Third Military Medical
University. The animals were housed in individually ventilated cages
under specific pathogen-free conditions with a 12-h light/dark cycle and
free access to food and water. The mice were fed standardized diets for
one week before the experiment. All procedures were in agreement with
institutional guidelines and regulations, and the experimental protocols
were approved before implementation by the Laboratory Animal Wel-
fare and Ethics Committee of the Third Military Medical University
(Permit Number: AMUWEC20210636).

2.2. Experimental models

In this study, we used the classic model of burn sepsis, i.e., the burn
subscab bacterial injection model, which is also referred to as the burn
invasive wound infection model (abbreviated “burn infection model™).
The specific groups and operations were as follows: sixty mice were
randomly divided into three groups, the sham group (n = 20), burn
infection group (BI group, n = 20) and burn infection with Gln supple-
mentation group (BI + Gln group, n = 20), according to descriptions of
previous burn sepsis models with slight modifications [6,45-47]. Under
general anaesthesia (i.p. injection of 80 mg/kg ketamine and 10 mg/kg
xylazine), the dorsal surface of each mouse was shaved. The anaes-
thetized mice were placed in a template exposing ~20% of the total
body surface area (TBSA) as calculated by the Meeh formula [48]. The
shaved dorsum was exposed to water at 90 + 0.2 °C for 8 s to induce
scalding of approximately 20% of the overall surface area, after which
the mouse was intraperitoneally injected with 1.5 mL kg '%TBSA™!
lactated Ringer’s solution for fluid resuscitation and 100 pL of bupre-
norphine (0.3 mg/mL) for analgesia. The burned mice were housed
individually in sterile cages and provided sterile water and food. Sham
mice underwent the same experimental procedure, except that the mice
were exposed to 37 °C water. For burn wound infection, 100 pL of 10
mM MgSO, containing 5 x 10° colony-forming units (cfu) of Pseudo-
monas aeruginosa clinical isolate PA14 was intradermally injected at the
burn eschar site immediately after the burn insult. An equal injection of
100 pL of MgSO4 was used for the sham mice. Then, gavage was started
twice daily for 7 days with i) 0.3 ml saline (sham group); ii) 0.3 ml saline
(BI group); or iii) 1 g/kg body weight Gln in 0.3 ml saline (BI + Gln
group). After burn infection for 1, 3, 5, and 7 days, the mice were
euthanized by cervical dislocation. Then, the abdomen was opened
aseptically through a midline laparotomy, and the distal colon was
aseptically harvested. The experimental design is shown in Fig. S1.

2.3. HT-29 CL16E cell culture

HT-29 ClL.16E cells were generated by culturing the human colonic
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cancer cell line HT29 (ATCC, HTB-38) in the presence of 5 mmol/L so-
dium butyrate for 9 days and then subculturing the cells into medium
containing sodium butyrate for an additional 14 days. The cells were
then cultured in standard medium without sodium butyrate. During this
time, the cells differentiated into a goblet-like phenotype with the ability
to produce large amounts of mucus [49]. HT-29 CL16E cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) heat-inactivated foetal bovine serum, pen-
icillin/streptomycin (100 U/mL/100 mg/mL), and 1 mmol/L sodium
pyruvate at 37 °C in 5% CO».

2.4. Stable knockout (KO) and overexpressing cell lines

HT-29 CL.16E cells with AGR2 KO and G6PD KO were obtained by
CRISPR/Cas9 technology. Briefly, the guide RNA oligonucleotide (5'-
ATGTCTGAGTCCAGATGAGT-3') that targets exon 3 of the human AGR2
gene and (5'- ATATGTGTGTATCCG ACTGA-3') that targets exon 2 of the
human G6PD gene were designed using Tools for Guide Design (zlab.
bio/guide-design-resources). The control sequence was 5'-
CGCTTCCGCGGCCCGTTCAA-3’. Both sequences were cloned into a
LentiCRISPR vector (Genechem Technology) using BsmBI restriction
cloning.

HT-29 CL.16E cells (1 x 10° cells) were transfected with pLenti- U6-
AGR2-EF1a-Cas9-FLAG-P2A-puromycin or pLenti-U6-G6PD-EF1a-Cas9-
FLAG-P2A-puromycin. After 3 days, the cells were exposed to puromy-
cin (5 pg/ml), and pools of resistant cells were sorted out and seeded as
individual colonies in 96-well plates. Western blotting was used to
detect AGR2 or G6PD expression in KOAGR2 and KOG6PD cells. Two
clones with undetectable AGR2 or G6PD expression were selected
separately for further experiments.

Rescue of the wild-type (WT G6PD) and mutant (S84V G6PD) genes
in KO cells was successful only when cDNAs, where gRNAs bind, were
modified by three nucleotides, while the amino acid sequences remained
unchanged. The cDNAs of the target genes were cloned into the pLenti-
Ubi-MCS-3FLAG-SV40-mCherry lentivector (Genechem Technology).
HT-29 CL.16E cells were infected with the lentiviruses and selected for
monoclonal cells with red fluorescence.

2.5. Histological scoring and morphometric analysis of mucin

Samples of distal colon were fixed in tubes with 5 mL methanol-
Carnoy’s fixative. The tissue was fixed for a minimum of 3 h at room
temperature and processed routinely for embedding in paraffin. Tissue
sections (5 pm) were stained with haematoxylin and eosin (H&E) or with
Alcian blue (AB)/Periodic Acid-Schiff (PAS). The histological exami-
nation was performed in a blinded fashion using a scoring system pre-
viously validated and described [50,51] as follows: crypt architecture,
0 (normal) to 5 (crypt abscesses); tissue damage, 0 (none) to 3 (extensive
mucosal damage); goblet cell depletion, O (normal) to 3 (>50% deple-
tion); and inflammatory cell infiltration, O (occasional infiltration) to 3
(transmural infiltration). Crypt length (0-4) was measured using Cell-
Sens software (Olympus). This scoring system determined a combined
score of histological colitis (maximum of 18) via assessment of the
abovementioned parameters to reflect tissue damage and colitis
severity.

Goblet cells were counted in the distal colon from the basal half of
the crypts. Quantification of goblet cells containing mature mucins was
performed in AB- and PAS-stained paraffin sections of intestine. Goblet
cells stained with light blue and magenta/purple were counted as AB+
and PAS+, respectively. Goblet cells fitting neither category were
counted as AB-PAS+. The morphometric analysis was performed by
ImagePro Plus 7.0 software.

2.6. Mucin isolation and detection

The colon was flushed slowly 5 times with 3 M urea (2 ml each flush).
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The insoluble mucus was extracted from flushed colon or HT29 CL.16E
cells by using guanidium chloride extraction buffer (6 M GuCl, 0.1 M
Tris pH 8.0, 1 mM EDTA). Following extraction, the mucus was analysed
using composite AgPAGE. The gel consisted of a gradient of 0.5-1.0%
agarose, 0-10% glycerol and 0-6% acrylamide. Before gel electropho-
resis, mucus samples were reduced with 1 mM DTT for 3 h at 37 °C to
break up the disulfide bonds. After reduction, 0.125 M iodoacetamide
was added to the mucus sample, which was incubated for 30 min at
room temperature in the dark so that iodoacetamide could carbox-
ymethylate the mucus to prevent reformation of the disulfide bonds. The
isolated samples in GuCl were then dialyzed in 3-6 M urea using Tube™
dialyzers (with a molecular weight cut-off of 14 kDa or below). The
protein samples were immunoblotted using a MUC2-N antibody
(Abcam, ab90007) to show the amount of mature MUC2 in colonic tissue
and HT29 CL.16E cells.

HT29 Cl.16E cells or colon tissue were lysed with lysis buffer (1
mmol/L EDTA, 10 mmol/L Tris-HCl, 10% SDS, 5 mmol/L NaCl, 20%
Triton X-100, phenylmethylsulfonyl fluoride, and a protease inhibitor
cocktail; Sigma-Aldrich). The samples were separated by composite
AgPAGE, Western blotted onto a nitrocellulose membrane, and probed
with two MUC2 precursor antibodies (MUC2-VNTR, Invitrogen, MA5-
12345; MUC2-VNTR, Novus, NBP2-25221), which detect sequences in
the tandem repeat of MUC2, to detect immature MUC2.

2.7. Western blotting and coimmunoprecipitation

For Western blot analysis, proteins were electrophoresed in 10%
sodium dodecyl sulfate-polyacrylamide gels and transferred to poly-
vinylidene fluoride membranes using standard electroblotting proced-
ures. The membranes were blocked with 5% BSA in TBST (TBS; 50 mM
Tris-Cl, 150 mM NaCl, pH 7.5) containing 0.1% Tween 20 and immu-
nolabelled overnight at 4 °C with primary antibodies against G6PD
(Abcam, ab993), CHOP (Abcam, ab11419), AGR2 (Abcam, ab76473),
O-GIcNAC (Abcam, ab2739), glutathione (Virogen, 101-A), GRP78 (Cell
Signaling, 3177S), or GAPDH (Aksomics, KC-5G4). The appropriate
HRP-conjugated secondary antibodies (Cell Signaling, 7074S & 7076S)
were applied, and immunolabeling was detected by an enhanced
chemiluminescence kit (Thermo Fisher Scientific, A38556).

For coimmunoprecipitation experiments, tissue or cell lysates were
incubated with antibodies against AGR2 (Abcam, ab76473), MUC2-
VNTR (Invitrogen, MA5-12345), or control immunoglobulin (Pro-
teintech, B900620 & B900610) overnight. The antibody-bound proteins
were precipitated with Protein A/G magnetic beads (Thermo Scientific
Pierce, 88805) and washed three times with lysis buffer. The samples
were prepared for further analysis by Western blotting.

2.8. Immunofluorescence staining

The cells were cultured on small round cover glasses, fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, blocked with
goat serum, and treated with antibodies against MUC2-VNTR (Novus,
NBP2-25221), MUC2-N (Abcam, ab90007), AGR2 (Abcam, ab76473)
and glutathione (Virogen, 101-A) overnight at 4 °C. The samples were
then incubated with fluorescently labelled secondary antibodies, which
were anti-rabbit Alexa Fluor 594 (Invitrogen, A-11012) and anti-mouse
Alexa Fluor 488 (Invitrogen, A-10680). Colocalization was assessed by
confocal laser scanning microscopy (Zeiss LSM 880).

The same method was employed for immunofluorescence staining of
colon tissue samples. Sections were deparaffinized and then subjected to
antigen repair with 10 pmol/L citrate buffer at pH 6.0. After serum
closure, sections were incubated with a MUC2-C antibody (Abcam,
ab272692) and an AGR2 antibody (Santa Cruz, sc-101211) to observe
MUC2 and AGR2 colocalization or with a MUC2-VNTR antibody (Invi-
trogen, MA5-12345) to observe immature MUC2 expression after burn
injury. The cells were washed and incubated with anti-rabbit Alexa
Fluor 488 (Invitrogen, A-32731), anti-mouse Alexa Fluor 594
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(Invitrogen, A-11005) and anti-mouse Alexa Fluor 488 antibodies at
room temperature for 1 h. The cell nuclei were stained with DAPI, and
immunofluorescence-stained images were visualized and quantified
under a confocal laser scanning microscope (Zeiss LSM 880) and ana-
lysed using ZEN Blue software (Zeiss).

2.9. Fluorescence in situ hybridization

Fluorescence in situ hybridization was performed as previously
described. The tissue sections were incubated with 250 pg of Cy3—con-
jugated universal bacterial probe EUB338 (5-GCTGCCTCCCGTAG-
GAGT-3', bp 337-354 within bacteria EU622773, Invitrogen) in 50 pl of
hybridization buffer (20 mM Tris-HCl [pH 7.4], 0.9 M NaCl, 0.1% SDS)
at 50 °C overnight. The slices were rinsed in washing buffer (20 mM Tris
HCI [pH 7.4], 0.9 M NaCl), washed at 50 °C for 20 min, and re-stained
with DAPI. Coimmunostaining with anti-MUC2C (Abcam, ab272692)
was performed at 4 °C without antigen retrieval, and the sections were
mounted in ProLong Gold antifade (Invitrogen).

2.10. Determination of ROS levels and related redox couples

Cellular ROS and cytosolic superoxide were measured by H2DCFDA
(Sigma—-Aldrich,D6883) and DHE (Sigma-Aldrich, D7008), respec-
tively. In brief, H2DCFDA or DHE was dissolved in DMSO to obtain a 10
mM stock solution and further diluted before use. The adherent cells
were incubated with PBS containing 5 pM staining solution at 37 °C in
the dark for 30 min, harvested with 0.05% trypsin-EDTA solution, sus-
pended in fresh medium, and immediately analysed with a flow cy-
tometer (NovoCyte; 488 nm laser). The ROS-Glo™ H,0, assay
(Progema, G8820) was used to measure intracellular HyO. In brief,
HT29 CL.16E cells were grown adherent on opaque white 96-well plates.
After different treatments, HoO» substrate solution was added to bring
the final volume to 100 pl in each well. The plate was incubated for 6 h
in a 5% CO; incubator at 37 °C. Then 100 pl of the ROS-Glo detection
solution was added to each well, and the plate was further incubated for
30 min at room temperature. The luminescence was recorded using a
Varioskan flash multimode reader (Thermo Fisher Scientific). HoOo
concentrations were calculated from the standard curve obtained by the
luminescence value of H,O- at different concentrations.

The NADPH/NADP + ratios in colon tissues and cultured cells were
determined with commercial kits according to the manufacturer’s pro-
tocols (Beyotime). Total glutathione and oxidized glutathione contents
were measured by a GSSG/GSH Quantification Kit (Dojindo, G263) ac-
cording to the manufacturer’s instructions. The concentrations of GSH
and GSSG were calculated using a standard curve. The results were
expressed as nanomoles of GSH per mg of cellular proteins.

2.11. AGR2 redox state monitoring

To study AGR2 redox states in colon tissues and cultured cells,
samples were prepared through protein precipitation using trichloro-
acetic acid (Macklin, T885181) and labelled with Protein-SHifter Plus in
accordance with the manufacturer’s instructions for the -SulfoBiotics-
Protein Redox State Monitoring Kit Plus (Dojindo, SB12). After cell and
colon tissue extracts were subjected to SDS-PAGE, the gels were exposed
to UV light for 10 min on a transilluminator to remove the protein-
shifter. The proteins in the gel were then electrotransferred to a poly-
vinylidene fluoride. The membrane was blocked with 5% nonfat dry
milk and incubated with anti-AGR2 antibody (Abcam, ab76473) or anti-
AGR2 antibody (Santa Cruz, sc-101211). Signals were obtained by using
a horseradish peroxidase-linked secondary antibody and an enhanced
chemiluminescence system, and the Western blot band intensities were
computed.
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2.12. Detection of S-glutathionylation of AGR2

To detect glutathione protein in colon tissue extracts, the EZ link
Sulfo-NHS-Biotin (100 pL, 64 mM; Thermo Fisher Scientific, 21217)
was added to 100 mM potassium phosphate buffer (pH 8.0) containing
GSSG (100 pL, 32 mM). The mixture (200 pL) was derivatized for 1 h at
room temperature. Untreated biotin was quenched by ammonium bi-
carbonate buffer (70 pL, 0.6 M). The colon tissue extract was incubated
with freshly synthesized BioGSSG (5 mM) for 1 h at room temperature.
Free BioGSSG and excess reagents were removed by Bio-Gel P10. The
level of total biotin-GSS-protein conjugates in colon tissue was deter-
mined using nonreducing Western blot analysis with streptavidin-HRP.
After the GSS-protein was pulled down with streptavidin-agarose, the
glutathione level of AGR2 was analysed by Western blotting with an
antibody against AGR2.

To detect GSS-AGR2 adducts in HT29 CL.16E cells, HT29 CL.16E
cells were incubated with BioGEE (250 puM; Invitrogen, G36000) for 1.5
h and then stimulated with HyO, or LPS. The cells were lysed with a
protein extract containing N-ethyl maleimide (20 mM). The level of GSS-
protein adducts in cells was determined using nonreducing Western blot
analysis with streptavidin-HRP. AGR2 glutathione levels in cells were
detected by the same method as in colon tissues.

For immunoprecipitation experiments, cells were lysed in NP-40
lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Nonidet P-
40, 1 mM EDTA) containing 20 mM N-ethylmaleimide (Sigma-Aldrich,
E1271) and protease inhibitor cocktail (Roche, 04693159001). The ly-
sates were incubated overnight at 4 °C with anti-glutathione (Virogen,
101-A) antibody-conjugated SureBeads Protein A/G magnetic beads
(Thermo Fisher Scientific, 88805). Coimmunoprecipitation (Co-IP) was
performed on a magnetic rack (Bio-Rad). Immunoblotting analysis was
performed with anti-AGR2 antibody (Abcam, ab76473) or anti-AGR2
antibody (Santa Cruz, sc-101211).

2.13. Analysis of G6PD glycosylation

Chemoenzymatic labeling and biotinylation of proteins in colon tis-
sues or cell lysates were carried out as described previously [52]. In
short, colon tissues and cell lysates were labelled according to the
Click-IT™ O-GlcNAc Enzymatic Labeling System (Invitrogen, C33368).
The samples were subsequently labelled with the alkyne-biotin dye per
the Click-IT™ Biotin Protein Analysis Detection Kit protocol (Invitrogen,
C33372). The biotinylated lysates were resolubilized in 1% SDS and
quenched with an equal volume of neutralization buffer (6% NP-40, 100
mM NapHPO4, 150 mM NaCl). The biotinylated proteins were then
incubated with Streptavidin Agarose (Sigma-Aldrich, 85881) at 4 °C
overnight. The agarose beads were then washed three times with 1 ml of
low-salt buffer (100 mM NayHPO4, 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, 0.5% sodium deoxycholate) and three times with 1 ml of
high-salt buffer (100 mM NayHPO4, 500 mM NacCl, 0.2% Triton X-100).
After washing, the beads were boiled in elution buffer (50 mM Tris-HCl
pH 6.8, 2.5% SDS, 100 mM DTT, 10% glycerol, 20 mM biotin) for 10
min. Western blot analysis was carried out with anti-G6PD antibody
(Abcam, ab993). For immunoprecipitation experiments, cell lysates
were incubated with Protein A/G beads coupled to anti-G6PD (Abcam,
ab993) or anti-Flag antibody (Abcam, ab205606) overnight at 4 °C.
Samples were prepared for further analysis by Western blotting. The
ratio of glycosylated G6PD protein to total G6PD protein was taken as
the level of glycosylation.

2.14. Determination of G6PD activity and the G6PD dimer

G6PD activity was measured using a G6PD Activity Assay Kit
(Beyotime). Briefly, 1 x 10° cells or 20 mg tissues were harvested and
lysed with G6PD extraction solution at 4 °C. The protein concentration
was determined by a BCA protein quantification kit (Beyotime, P0010)
and normalized. Fifty microlitres of protein sample and 50 pL of the
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G6PD test solution were added to each well of the 96-well plate. After
incubating at 37 °C for 10 min in the dark, the OD (optical density) value
was tested at 450 nm by a microplate reader.

DSS (Thermo Fisher Scientific, 21655) cross-linking was used to
detect G6PD dimerization. Briefly, the culture medium in the cells was
removed, and the cells were washed twice with ice-cold PBS. Then, the
cells were scraped with PBS supplemented with an EDTA-free protease
inhibitor mixture (Roche, 04693159001). Samples with the DSS cross-
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concentration of 20 mM in the reaction mixture and incubated further
for 15 min at RT. The cells were lysed in M-PER (Thermo Fisher Scien-

tific, 78501) buffer and then centrifuged at 16,000 xg for 10 min at 4 °C.
The supernatant was saved for Western blot analysis.

2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism v.8.0.1

linker were incubated under rotation for 30 min at 37 °C. The reaction

(GraphPad, La Jolla, CA). The Shapiro-Wilk normality test was per-
was quenched by the addition of 1 M Tris, pH 7.5, to a final

formed to determine the data distribution. Normally distributed data are
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Fig. 1. Gln lessened burn infection-induced loss of mucins and colonic injury

H&E and AB/PAS staining of longitudinal sections of distal colons from the (A) sham, (B) burn infection (BI) group and (C) burn infection with Gln supplementation
(BI + Gln) group at 5 days post-injury. In the sham group, the mucosa had a uniform, fenestrated, regular surface epithelium with long and straight crypt foci in the
colon (A2, yellow lines). Goblet cells (A2, white arrows) were abundant in the surface epithelium and within the proximal third of the crypt but less so at the base of
the crypt (A2). The surface epithelium and goblet cells in the proximal part of the crypt contain PAS + neutral mucin in a dark purple colour (A4, red arrow), and the
goblet cells at the base of the crypt contain mainly AB + acidic fluid in a light blue colour (A4, yellow arrow). In burn-infected mice, the mucosal surface of the colon
had an uneven appearance, the colonic crypt (B2, yellow line) was atrophied and lost, epithelial cell growth was disorganized, basal lymphocytes were aggregated
(B2, black arrow), goblet cell numbers (B2, white arrow) were reduced, and AB + mucin was transformed to PAS+ (B4, red arrow). Compared with the burn-infected
mice, the mice with GIn supplementation had a regular surface epithelium of the colonic mucosa, longer colonic crypts (C2, yellow lines), increased numbers of
goblet cells (C2, white arrows), and increased AB + mucin (C4, yellow arrows). Scale bar, 50 pm or 20 pm.(D) Histological score of the colon calculated from H&E-
stained colon sections (maximum score = 14, N = 5 per group). (E) Length of colonic crypts in the mice from the sham, BI and BI + Gln groups (N = 5 per group). (F)
Quantification of goblet cells in the mice from the sham, BI and BI + Gln groups (N = 5 per group). (G) Counts of AB + goblet cells (N = 5 per group). . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reported as the mean + standard deviation (SD), and nonnormally
distributed data are reported as the median with interquartile range
(IQR). The two groups were compared using an independent-samples ¢-
test or Mann-Whitney U test. One-way ANOVA with Bonferroni
correction was performed for comparisons among multiple groups. P
values < 0.05 were considered to indicate statistical significance. For all
statistical analyses: *P < 0.05; **P < 0.01; ***

3. Results

3.1. Supplementation with Gln lessened burn infection—induced loss of
mucins and colonic injury

To investigate the effect of Gln on intestinal barrier repair in burns, a
mouse model of burn infection was employed. We used the modified
histopathologic grading system to analyse the distal colons from mice
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subjected to different treatments.

Major changes in the BI group compared with the sham group
included shortening and atrophic collapse of the crypt, infiltration of
inflammatory cells, and loss of goblet cells from H&E staining (Fig. 1A1-
A2, B1-B2 and E). These changes were attenuated in Gln-supplemented
mice (Fig. 1C1-C2 and E), and significantly less colonic injury was
observed in Gln-supplemented mice than in burn-infected mice
(Fig. 1D).

AB/PAS, which stains heavily glycosylated proteins, including mu-
cins, revealed mucus-containing goblet cells within the colons of sham
mice, but the staining was markedly reduced in burn-infected mice
(Fig. 1A3-A4 and B3-B4). The mucin transition from acidic to neutral
mucin in the colonic goblet cells of burn-infected mice was further
enhanced, an early event prevalent in burn-infected mice. However,
compared with burn-infected mice, Gln supplementation for 5 days
exhibited increased goblet cells and the proportion of acidic mucin in

A Sham Burn infection 1d - Sham |:| Burn infection l:l Burn infection+GIn
GIn _ _ +
Mature MUC2 = 1.2+ N.S. F 1.5 G 1.5
N.S. il
GAPDH § 1192 X sk
S ~
sy hd 1.0
o —|
B Sham Burn infection 3d LD) g 1.0 *kk
- - + =
GIn s % -
2L 0.5
Mature MUC2 <§u
0.8
GAPDH
0.7- 0-
C Sham  Burn infection 5d 1 day 5 day
GIn - - + H 1.5 K
1 1 *kk
Mature MUC2 c e % 4 Sk
7] e >
° o
570 1.0 s 1.2
GAPDH :.I ) 1.0 So 0.9
8 o Fkk g .
[5] o
D Sham Burn infection 7d =5 % o 1.04
— ©3 25 07- -
Gln : ) + S L 0.5+ 2L
= =
Mature MUC2 0.5 -
Gl - ] + 4+
GAPDH n + LPS
7 day GIn - - +

I Gln Sham

Mature MUC2

GAPDH

J LPS
GIn

Mature MUC2

GAPDH

Burn infection Burn infection+GIn

DAPI/MUC2/EUB338

Fig. 2. Gln supplementation promoted MUC2 maturation and attenuated colonic mucus barrier damage after burn injury

(A, B, C, D) Exploration of the expression of mature MUC2 in distal colon tissue at 3, 5, and 7 days post-injury from the sham, BI and BI + Gln groups. (E, F, G, H)
Quantification of the expression of mature MUC2 in distal colon tissue at 3, 5, and 7 days post-injury. (N = 5 per group). (I, K) The expression of mature MUC2 was
explored and quantified in HT-29 CL.16E cells with or without 2 mM GIn for 12 h (N = 6 per group). (J, L) The expression of mature MUC2 was explored and
quantified in HT-29 CL.16E cells. The cells were exposed for 12 h to LPS (100 ng/ml), and cultured in the absence or presence of 2 mM Gln (N = 6 per group). (M)
Immunostaining of colon sections using antibodies against MUC2-C (green) and FISH (with bacterial 16S rRNA gene probe) at 5 days post-injury. The red arrow
represents bacterial staining. The inner stratified mucus layer (s) and outer mucus layer (o) are marked with a white segmented line. Blue indicates nuclear (DAPI)
staining (scale bar: 50 pm). . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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crypt, suggesting that mucin components are involved in repair
(Fig. 1C3-C4 and F-G). These results indicated that GIn supplementation
preserved the colonic mucus barrier in burn-infected mice.

3.2. Gln supplementation promoted MUC2 maturation and attenuated
colonic mucus barrier damage after burn injury

Gln supplementation can repair burn infection-induced loss of mu-
cins, and MUC2 is a core component of colonic mucus, we hypothesized
that Gln could assist the synthesis and modification of MUC2. First, we
examined the level of mature MUC2 protein in colon tissue from mice
subjected to different treatments. Compared with sham mice, burn-
infected mice exhibited markedly reduced mature MUC2 protein
levels at 3, 5, and 7 days post-injury. These changes were attenuated
after 5 and 7 days of Gln supplementation (Fig. 2A-H). The results
suggest that Gln supplementation promotes MUC2 protein synthesis in
burn-infected mice. The same positive effect of Gln was found in both
HT-29 CL.16E cells and LPS-treated cells in vitro (Fig. 2I-L).

To evaluate the effect of Gln supplementation on the function of the
colonic mucus layer, immunostaining of the Carnoy-fixed mouse distal
colon with an MUC2-C antibody (green) was performed, which identi-
fied two primary mucus layers in addition to MUC2-positive goblet cells.
Next, we analysed the tissue sections for bacterial presence by in situ
hybridization using a general 16S rRNA probe. Bacteria were detected
(red) in the outer mucus layer (o) and were excluded from the inner
stratified layer (s) in sham mice. However, the inner firm mucus layer
was penetrated by bacteria in the burn-infected mice. This meant that
the inner mucus layer could not act as a physical barrier impenetrable to
bacteria after burn sepsis. Gln supplementation alleviated this condition
and maintained the function of the inner mucus layer (Fig. 2M).

These data indicated that Gln treatment promoted MUC2 protein
synthesis and maintained the function of the inner mucus layer in burn-
infected mice.

3.3. S-glutathionylation of AGR2 restricted the processing of MUC2

AGR2 plays a direct role in the processing of MUC2 by forming mixed
disulfide bonds [22]. To probe the role of AGR2 in MUC2 maturation, we
used three types of anti-MUC2 antibodies: MUC2-N antibody (mature
MUC2), MUC2-VNTR antibody (MUC2 precursor) and MUC2-C antibody
(MUC2 precursor and mature MUC2). To determine whether AGR2
physically associates with immature MUC2, we immunoprecipitated
AGR2-containing complexes from mucus-producing HT-29 CL.16E cells.
Immunoblotting with MUC2-VNTR antibody demonstrated that the
MUC2 precursor was physically associated with AGR2 (Fig. 3A).
Immunofluorescence localization showed that immature MUC2 was
located within AGR2-containing areas (Fig. 3B). Increased levels of
MUC2 precursor and decreased levels of mature MUC2 were observed in
the cells with AGR2 KO (Fig. 3C). In addition, immunofluorescence
revealed a significant decrease in the amount of intracellular mature
MUC2 (red) and a significant increase in the amount of its precursor
(green), resulting in a large accumulation of immature MUC2 in the cells
with AGR2 KO (Fig. 3D). We concluded that AGR2 plays a critical role in
the processing of MUC2.

To investigate the regulatory effect of AGR2 on MUC2 in burn
infection, we evaluated the expression changes in AGR2, immature
MUC2, mature MUC2 and ER stress-responsive proteins. Compared with
sham, burn-infected mice had no changes in AGR2 levels, but mature
MUC2 levels were decreased, while immature precursor protein levels
were significantly increased, along with the levels of CHOP and GRP78
(Fig. 3E). Immunofluorescence revealed a significant increase in the
location overlap of the MUC2 precursor (green) and AGR2 (red) in burn-
infected mice (Fig. 3F-G). We hypothesized that the function of AGR2 is
inhibited in burn-infected mice, limiting the processing of immature
MUC2. However, the precise molecular function of AGR2 remains to be
defined. It is known that the activity of AGR2 depends on its redox
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balance, and oxidative stress can lead to a decrease in AGR2 enzyme
activity [23]. We therefore suspect that the peroxidation state of AGR2 is
responsible for its reduced efficiency in promoting immature MUC2
processing in burn-infected mice.

Protein cysteine thiol status is a major determinant of oxidative stress
and oxidant signaling. A -SulfoBiotics- Protein Redox State Monitoring
Kit was used to investigate protein thiol states. The cysteine thiol level of
AGR2 in burn-infected mice was decreased compared with that in sham
mice, suggesting that posttranslational modifications (PTMs) occurred
on the only cysteine of AGR2 (Fig. 3H). To determine which redox-
dependent PTMs occurred on cysteine, we first examined the S-nitro-
sylation level of AGR2 and found no S-nitrosylated AGR2 in burn-
infected mice. Subsequently, S-glutathiolation modification of AGR2
was found in BiogSSG-treated colonic tissue. (Figs. S2A-B). BioGSSG
offers a useful tool for the study of protein S-glutathiolation. However,
BioGSSG cannot be used to assess protein S-glutathiolation in cell or
tissue samples with intrinsic oxidative stress [53]. Therefore, in our
study, GSH antibody were used to detect protein S-glutathiolation in the
colonic tissues of burn-infected mice. We observed that S-gluta-
thionylation of both total protein and AGR2 was enhanced after burn
infection (Fig. 3I-J). In addition, S-glutathiolation of AGR2 interfered
with the molecular chaperone activity of AGR2 and eliminated the
ability of AGR2 to form complexes with the MUC2 precursor (Fig. 3K).
These results suggested that the S-glutathionylation of AGR2 restricted
the processing of immature MUC2 after burn infection.

3.4. GIn supplementation dampened the S-glutathionylation of AGR2
caused by LPS-induced oxidative stress

GIn has been shown to inhibit oxidative stress [54]. Therefore, we
hypothesized that Gln can promote MUC2 maturation during oxidative
stress because it attenuates oxidative stress and S-glutathionylation of
AGR2. First, we used LPS to induce inflammatory and oxidative re-
sponses, and then measured intracellular ROS production using H2DCFA
probes. The ROS level was significantly increased in HT-29 CL.16E cells
stimulated with LPS and significantly decreased in the Gln treatment
group (Fig. 4A). To further confirm the source of intracellular ROS, we
quantified intracellular hydrogen peroxide (H205) and superoxide anion
radical (O2e(—)). The intracellular concentrations of O2e(—) and H50,
were enhanced under LPS stimulation, and Gln treatment could inhibit
the effect (Fig. 4B—C). Further studies conclusively showed that the ef-
fect of Gln was related to its ability to promote GSH synthesis. The
GSH/GSSG ratio was significantly reduced in HT-29 CL.16E cells after
LPS exposure (36.8 + 2.8 to 8.2 + 1.4, p < 0.001), and the ratio was
increased after Gln administration (8.2 + 1.4 to 28.2 + 2.3, p < 0.001)
(Fig. 4D-E).

Oxidative stress has been shown to induce the S-glutathionylation of
free thiol groups (-SH) on the cysteine residues of proteins to form
protein-glutathione mixed disulfide adducts (Pr-SSG) [55]. Therefore,
we first examined the cysteine thiol level of AGR2. The thiol level of
AGR2 in Hy0,- treated HT-29 CL.16E cells was obviously lower than in
the control, while the thiol level increased remarkably after adding DTT
or sodium pyruvate. The results suggested that the cysteine thiol level of
AGR2 was regulated by reducing agents and oxidants (Fig. 4F). To
explore the variation of S-glutathionylation levels of AGR2 under
different REDOX state, the use of GSH antibody and biotin labeling were
chosen in the assay. We found that the S-glutathionylation levels of total
protein and AGR2 in HT29CL.16E cells were both increased by Ho0»
stimulation, and the changes were inhibited by DTT or sodium pyruvate
treatment (Fig. 4G-H, Fig. S3A). In addition, N-acetylcysteine, as a
precursor of GSH, alleviated the S-glutathionylation level of AGR2
induced by HyO, (Fig. 4I). Thus, these results suggested that S-gluta-
thionylation was a reversible post-translational modification at cysteine
residues that was regulated by intracellular GSH.

Further studies conclusively showed that Gln administration could
inhibit LPS-induced cellular oxidative stress. The S-glutathionylation
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Fig. 3. S-glutathionylation of AGR2 restricted the processing of MUC2.

(A) AGR2 was immunoprecipitated from HT-29 CL.16E cells, and associated MUC2 was detected by immunoblotting. Rabbit or mouse IgG was used as a control. A
total of 5% of the volume of lysate used for the immunoprecipitation was run on the gel for comparison (input). (B) Immunofluorescent localization of the MUC2
precursor (green) and AGR2 (red) in HT-29 CL.16E cells. Blue indicates nuclear (DAPI) staining. Scale bar: 10 pm. (C) The expression levels of the MUC2 precursor,
mature MUC2 and AGR2 were assessed in AGR2 Knockout HT-29 CL.16E cell line. (D) Immunofluorescence staining for the MUC2 precursor (green) and mature
MUC2(red) in AGR2 Knockout HT-29 CL.16E cell line. Blue indicates nuclear (DAPI) staining. Scale bar: 10 pm. (E) Expression of mature MUC2, immature MUC2,
AGR2, GRP78, and CHOP in the distal colons of sham, burn—infected mice at 5 days post-injury (N = 5 per group). (F) Staining for ER-localized MUC2 precursor
(green) in mouse goblet cells to assess MUC2 biosynthesis at 5 days post-injury. Scale bar: 50 pm. (G) Representative confocal microscopy images of distal colon
sections for analysis of AGR2 (red) and MUC2 (green) at 5 days post-injury, with yellow arrows representing immature MUC2 and red arrows indicating mature
MUC2. Scale bar: 50 pm. (H) Cysteine thiol levels of AGR2 in the distal colons of sham and burn-infected mice at 5 days post-injury. Tissue lysates were prepared,
incubated with Protein-SHifter Plus, and subjected to SDS-PAGE without BME (N = 3 per group). (I) Inmunoblotting for S-glutathionylation of protein in colon
tissues (DTT, negative control; GAPDH, loading control; N = 4 per group). (J) Co-IP showing S-glutathionylated AGR2 in colon tissue lysates from sham or burn-
infected mice at 5 days post-injury (IP, GSH; IB, AGR2). (K) Tissue lysates were incubated with a MUC2-VTNR antibody coupled to Thermo Scientific Pierce Pro-
tein A/G magnetic beads for 24 h. The precipitates were subjected to Western blotting with anti-MUC2-VTNR and anti-AGR2 antibodies. . (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Gln mitigated LPS-induced oxidative stress and S-glutathionylation of AGR2, which regulates MUC2 processing.

HT-29 CL.16E cells were cultured in the absence or presence of Gln (2 mM) and LPS (100 ng/ml) for 8 h. (A) The fluorescence intensity in HT-29 CL.16E cells was
measured by flow cytometry using H2DCFDA dye (N = 6 per group). (B) The intracytoplasmic superoxide anion concentration in HT-29 CL.16E cells was assessed by
flow cytometry using a dihydroethidium (DHE) probe (N = 6 per group). (C) Quantitative estimation of LPS-induced H,0,. Hydrogen peroxide released by cells was
detected with the ROS-Glo™ Hydrogen Peroxide Kit, which was calculated by comparing the hydrogen peroxide standard curve. (D) GSH levels in cell lysates (N = 5
per group). (E) GSH/GSSG ratio in cell lysates (N = 5 per group). (F) Immunoblotting analysis of the cysteine thiol levels of AGR2 under different cellular treatments.
HT-29 CL.16E cells were exposed for 30 min to HyO5 (200 pM), then stimulated with or without 5 mM sodium pyruvate (SP), (DTT, positive control). (G)
Nonreducing electrophoresis and Western blot analysis with streptavidin-HRP to determine the S-glutathionylation level of the protein. HT-29 CL.16E cells were
preloaded with BioGEE (250 pM) for 1.5 h and stimulated with H,O, (200 pM) for 30 min, then cultured in the presence and absence of 5 mM sodium pyruvate (DTT,
negative control). (H) Reduction electrophoresis and Western blot to determine the S-glutathionylation level of AGR2 after pulling down the biotin-GSS-protein
adducts. (I) Immunoblots of AGR2 glutathionylation under different cellular treatments. HT-29 CL.16E cells were preloaded with BioGEE (250 pM) for 1.5 h,
stimulated with H,O3 (200 pM) for 30 min, and then incubated with or without 2 mM N-acetylcysteine (DTT, negative control). (J) Western blot analysis with
streptavidin-HRP to determine the S-glutathionylation level of protein. HT-29 CL.16E cells were preloaded with BioGEE (250 uM) for 1.5 h and exposed for 8 h to LPS
(100 ng/ml), next cultured in the absence or presence of Gln (2 mM) and 2 mM N-acetylcysteine (DTT, negative control). (K) Immunoblotting to determine the S-
glutathionylation level of AGR2 after pulling down the biotin-GSS-protein adducts. (L) Immunoblotting analysis of the cysteine thiol levels of AGR2 under different
cellular treatments. HT-29 CL.16E cells were exposed for 8 h to LPS (100 ng/ml), and cultured in the absence or presence of 2 mM Gln (DTT, positive control; HyO»,
negative control; N = 3 per group). (M) Confocal imaging of glutathionylated proteins. HT-29 CL.16E cells were cultured in the absence or presence of LPS and Gln 8
h. Green fluorescent labeling was performed using an anti-glutathionylated antibody. Blue indicates nuclear (DAPI) staining. Scale bar, 10 pm. (N) The expression of
mature MUC2, immature MUC2, GRP78 and CHOP was analysed by immunoblotting. HT-29 CL.16E cells were cultured in the absence or presence of LPS and Gln (N
= 3 per group). * Compared with control group, # Compared with LPS group, #P < 0.05; # #P < 0.01; # # #P < 0.001. . (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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levels of total protein (Fig. 4J, M) and AGR2 (Fig. 4K, Fig. S3B)
decreased appreciably, and the cysteine thiol level of AGR2 obviously
increased through the administration of Gln (Fig. 4L). In addition, the
levels of mature MUC2 were increased, while the levels of the immature
precursor proteins CHOP and GRP78 were significantly decreased by
Gln treatment (Fig. 4N). As expected, Gln dampened the S-gluta-
thionylation of AGR2 caused by LPS-induced oxidative stress.

3.5. G6PD attenuated oxidative stress and assisted MUC2 maturation

GSH is an important reductant against oxidative stress, the levels of
which can be maintained by NADPH generated mainly via the PPP and
its rate-limiting enzyme, glucose-6-phosphate dehydrogenase (G6PD)
[56]. The role of G6PD in the control of protein glutathionylation has
been demonstrated [57]. Given that we showed that the processing of
immature MUC2 was limited by S-glutathionylation of AGR2 during
oxidative stress, we hypothesized that G6PD activation might induce an
increase in NADPH that would promote MUC2 maturation.

To test this hypothesis, we first wanted to confirm whether NADPH is
a key product of G6PD against oxidative stress. The ratios of NADPH/
NADP+ and GSH/GSSG were significantly diminished by G6PDi-1 (an
inhibitor of G6PD) treatment, while the levels of total ROS and H,0,
were enhanced. However, the effects were alleviated by exogenous
NADPH supplementation (Fig. 5A-C, Fig. S4A). At the same time,
G6PDi-1 or NADPH treatment seemed to have no significant effect on
intracellular superoxide anion radicals (Fig. S4B). These results indi-
cated that G6PD may reduce LPS-induced HyO; by promoting GSH
synthesis through NADPH. The cysteine thiol level of AGR2 was signif-
icantly decreased, S-glutathionylation level of AGR2 was increased by
G6PDi-1 treatment, and the inhibitory effect was alleviated by exoge-
nous NADPH supplementation (Fig. 5D-E). Correspondingly, mature
MUC2 levels were increased by exogenous NADPH supplementation in
LPS and G6PDi-1-treated cells (Fig. 5F). To further confirm the effect of
G6PD on the S-glutathionylation of AGR2, we generated G6PD-KO cells
using CRISPR-Cas9 and showed results similar to those obtained by
using G6PD inhibitors (Fig. 5G-K, Figs. S4C-D). Finally, as predicted,
G6PD activated by AG1l (a small-molecule activator of G6PD [58])
promoted the levels of the G6PD dimer and cysteine thiol of AGR2. At
same time, the treatment dampened the levels of the G6PD monomer
and S-glutathionylated AGR2 (Fig. 5L-N). Correspondingly, a significant
increase in mature MUC2 and a decrease in immature MUC2 were
observed after AG1 treatment (Fig. 50).

Taken together, these data suggest that modulation of G6PD activity
can affect NADPH levels, which can regulate MUC2 maturation.

HT-29 CL.16E cells were exposed for 6 h to LPS (100 ng/ml), then
stimulated with or without 10 pM AG1. (L) 1 mM DSS cross-linked
protein with monomeric and dimeric changes detected by immuno-
blotting using a G6PD antibody. (M) A -SulfoBiotics- Protein Redox State
Monitoring Kit was used to determine the thiol redox state of AGR2 (N =
3 per group). (N) S-glutathionylated AGR2/AGR2 as measured by
immunoblot analysis (N = 3 per group). (O) Immunoblotting for the
expression of mature MUC2, immature MUC2, and G6PD (N = 3 per
group).

3.6. O-GlcNAcylation of G6PD promoted G6PD dimer formation and
increased NADPH synthesis

Activation of G6PD activity via O-GlcNAcylation upregulates glucose
flux through the PPP, providing reducing power in the form of NADPH
and GSH to combat oxidative stress [59]. Given that we showed that
G6PD activation by AG1 treatment induced an increase in NADPH and
GSH to combat oxidative stress, we hypothesized that O-GlcNAcylation
of G6PD might induce an increase in NADPH and GSH that would pro-
mote MUC2 maturation.

To test this hypothesis, we first examined whether O-GlcNAcylation
of G6PD is dynamically regulated in the colonic tissue of burn-infected

10

Redox Biology 59 (2023) 102581

mice. We confirmed that the levels of O-GlcNAcylation in the colonic
tissue of sham mice were higher than those in burn-infected mice
(Fig. 6A). Then, we employed a well-established chemoenzymatic la-
beling approach and performed capture with streptavidin-agarose beads
to probe the O-GlcNAcylation levels of G6PD. Subsequent immuno-
blotting of the captured proteins with an antibody against G6PD showed
reduced O-GlcNAcylation of G6PD in burn-infected mice (Fig. 6B).
Consistently, the G6PD activity was diminished with low O-GlcNAcy-
lation levels (Fig. 6C).

Following a previous report on the O-GlcNAcylation of G6PD [59],
we created a system to study the effect of G6PD glycosylation on anti-
oxidation. Mutation of Ser-84 to valine resulted in the elimination of
glycosylation signaling, supporting Ser-84 as an O-GlcNAcylation site
for G6PD (Fig. 6D). To further understand the effect of O-GlcNAcylation
on G6PD activity, we first examined G6PD enzyme activity in WT G6PD
and S84V G6PD cells treated with the two inhibitors. Pharmacological
inhibition of O-GlcNAc hydrolase with the specific inhibitor thiamet-G
(TMG) significantly increased G6PD enzyme activity. 6-Diazo-5-oxo-L--
nor-leucine (DON) inhibits the production of glucosamine 6-phosphate
by the rate-limiting enzyme of the hexosamine pathway, glutamine:
fructose 6-phosphate aminotransferase (GFAT). Compared with WT
G6PD cells, S84V G6PD cells showed a negligible response to TMG or
DON treatment (Fig. 6E-F). The dimeric forms of G6PD are catalytically
active [58]. To examine whether S84 glycosylation affects the oligo-
merization state of G6PD, we performed protein cross-linking experi-
ments using DSS. Inhibition of OGA activity to enhance
O-GlcNAcylation levels resulted in a significant increase in the G6PD
dimer level, but no change in G6PD dimers was detected in the S84V
mutant (Fig. 6G). The results indicated that the O-GlcNAcylation of
G6PD regulates its activity through dimerization.

To further confirm that O-GlcNAcylation of G6PD plays an important
role in antioxidant defence, we compared the redox status between WT
G6PD and S84V G6PD cells treated with LPS. O-GlcNAc levels were
suppressed in S84V G6PD cells compared with WT G6PD cells (Fig. 6H).
Consistently, G6PD activity was diminished with low O-GlcNAc levels
(Fig. 6I). Blocking glycosylation of G6PD significantly suppressed GSH
and GSH/GSSG in S84V G6PD cells compared with WT G6PD cells, but
this inhibitory effect was alleviated by exogenous NADPH supplemen-
tation (Fig. 6J-K). Consistently, compared with WT G6PD cells, S84V
G6PD cells exhibited higher S-glutathionylation levels of AGR2. Corre-
spondingly, a significant increase in immature MUC2 and a decrease in
mature MUC2 were observed. These changes were alleviated by exog-
enous NADPH supplementation (Fig. 6L-M). These results indicated that
G6PD O-GlcNAcylation plays an important role in regulating redox
homoeostasis to promote MUC2 maturation.

3.7. GlIn promoted MUC2 maturation by stabilizing AGR2 redox
homeostasis induced by O-GlcNAcylation of G6PD

O-GlcNAcylation is the product of nutrient flux through the hexos-
amine biosynthetic pathway (HBP). GFAT is the rate-limiting step of the
HBP, and GlIn is an indispensable substrate for GFAT [60]. Given that we
showed that G6PD O-GlcNAcylation plays an important role in regu-
lating redox homoeostasis to promote MUC2 maturation, we hypothe-
sized that Gln might induce an increase in G6PD O-GlcNAcylation that
would promote MUC2 maturation in burn-infected mice.

We first confirmed whether G6PD O-GlcNAcylation is regulated
through HBP by GIln. We measured the O-GlcNAcylation of G6PD in HT-
29 CL.16E cells by IP and Western blotting. The O-GlcNAcylation levels
of G6PD were higher in the Gln- or glucosamine-supplemented group
than in the control group (Fig. 7B). The increased G6PD O-GlcNAcyla-
tion by Gln supplementation was inhibited by DON (a GFAT inhibitor).
However, the increased G6PD O-GlcNAcylation induced by glucosamine
did not respond to the addition of DON (Fig. 7C). We next investigated
the capacity to Gln enhance the O-GlcNAcylation of G6PD under LPS-
induced oxidative stress. The O-GlcNAcylation levels of total proteins
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Fig. 5. G6PD activation induced an increase in NADPH that promoted MUC2 maturation.

HT-29 CL.16E cells were exposed for 6 h to LPS (100 ng/ml), and cultured in the absence or presence of G6PDi-1 (50 uM), then stimulated with or without 20 mM
NADPH. (A) NADPH/NADP + ratio. (B) GSH/GSSG ratio. (C) Quantitative estimation of the dose-dependent H,O, generation. (N = 5 per group). (D) Immunoblotting
analysis of the cysteine thiol levels of AGR2 under different cellular treatments. HT-29 CL.16E cells were exposed for 6 h to LPS (100 ng/ml), cultured in the absence
or presence of G6PDi-1 (50 pM), and then stimulated with or without 20 mM NADPH (DTT, positive control; HyO,, negative control) (N = 3 per group). (E) S-
glutathionylated AGR2/AGR2 measured by immunoblot analysis (N = 3 per group). (F) Expression of mature MUC2, immature MUC2, and G6PD as determined by
immunoblot analysis (N = 5 per group). * Compared with control, # Compared with the G6PDi-1 treated group, #P < 0.05; # #P < 0.01; # # #P < 0.001. After
exposure to LPS (100 ng/mL) for 6 h, G6PD-KO cells were treated with or without exogenous NADPH. (G) GSH/GSSG ratio. (H) Quantitative estimation of the dose-
dependent H;O, generation. (N = 5 per group). (I) S-glutathionylated AGR2/AGR2 as measured by immunoblot analysis (N = 3 per group). (J) Cell lysates were
incubated with Protein-Shifter Plus and immunoblotted with an AGR2 antibody (N = 3 per group). (K) Expression of mature MUC2 and immature MUC2 as
tzetermined by immunoblot analysis (N = 5 per group). * Compared with control, # Compared with G6PD-KO cells, #P < 0.05; # #P < 0.01; # # #P < 0.001.

and G6PD were both higher in the Gln-treated group than in the LPS
group. However, this increase was also inhibited by DON (Fig. 7D-E).
Correspondingly, a similar trend of change was observed at the G6PD
dimer level (Fig. 7F). Then we further confirmed that G6PD activated by
Gln treatment can promote cysteine thiol levels and dampen the S-glu-
tathionylation of AGR2 (Fig. 7G-H), thereby promoting MUC2 matu-
ration (Fig. 7I).

To further confirm the mechanism by which GIln promotes MUC2
maturation in burn infection, we examined the effect of GIn in burn-
infected mice. Treatment with Gln promoted O-GlcNAcylation levels
of total proteins and G6PD, GSH levels, GSH/GSSG ratio, AGR2 cysteine
thiol level and mature MUC2 level in the colonic tissues of burn-infected
mice, while S-glutathionylation levels of total proteins and AGR2,
immature MUC2, CHOP and GRP78 were decreased significantly
(Fig. 8A-T). These results suggested that Gln plays an important role in
regulating AGR2 redox homoeostasis to promote MUC2 maturation by
G6PD O-GlcNAcylation via the HBP. Thus, we proposed a mechanism for
the effect of Gln on promoting MUC2 maturation in burn-infected mice
(Fig. 8J).

4. Discussion

As the core component of colonic mucus, MUC2 needs to be pro-
cessed and modified in the ER after translation to complete the trans-
formation from the precursor to the mature protein, and AGR2 plays a
key role in the process [22,23,61]. In this study, we demonstrated that
the oxidative stress triggered by burn sepsis led to enhanced AGR2
glutathionylation modification, which hindered the processing of MUC2
by AGR2, resulting in restrained MUC2 maturation. Further studies
revealed that NADPH synthesized by G6PD is the core molecule that
inhibits oxidative stress and regulates AGR2 activity. By promoting
G6PD glycosylation, Gln facilitated G6PD homodimer formation,
enhanced NADPH synthesis, maintained AGR2 redox homeostasis and
increased mature MUC2 synthesis, thereby lessening the intestinal
mucus barrier damage triggered by burn sepsis.

AGR2 is a member of the PDI family and has two key attributes: ER
localization and a functional thioredoxin-like domain with a CXXS
motif. The former makes it an ER-resident protein, and the latter makes
it function as an oxidoreductase and molecular chaperone [21-23]. In
the presence of AGR2, immature mucins undergo folding, and coiling
and eventually transform into mature mucins [20,22]. Genetic defects or
knockdown of AGR2 can lead to impaired synthesis of MUC2 and
exacerbate intestinal damage, and it is also an important factor in trig-
gering inflammatory bowel disease [19-22,62]. In this study, we found
that knockdown of AGR2 resulted in a significant decrease in the level of
mature MUC2 and a remarkable increase in the level of immature MUC2
(Fig. 3C-D).

Structural biology shows that ARG2 and MUC2 can form a hetero-
dimer via a mixed disulfide bond that is formed by condensation of two
cysteine residues located on AGR2 and MUC2 [21,22]. This reaction is a
prerequisite for posttranslational modification of MUC2 by AGR2. This
study confirmed that AGR2 can bind to MUC2, which is consistent with
the literature [22]. Intriguingly, we found that AGR2 only bound to
immature MUC2 (Fig. 3A-B), which is consistent with the function of
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AGR2, and this finding provides new and strong evidence that AGR2
modifies MUC2. It is now known that there is only one cysteine (Cys-81)
in the amino acid sequence of AGR2, which is a key target for AGR2 to
form a heterodimer with the modified protein, or two AGR2 monomers
to form a homodimer [21,63]. During the processing and modification of
MUC2 precursors, it is important to maintain the dynamic balance be-
tween AGR2 monomer and its homodimer. It is now known that AGR2 in
the monomeric state facilitates its modification of the target protein,
while in the dimeric state facilitates the maintenance of AGR2 stability
and alleviates ER stress. Therefore, AGR2 dimers act as sensors of ER
homeostasis [64,65]. The unfolded protein response resulted from ER
stress induces the conversion of AGR2 from a dimer to a monomer to
exert its molecular chaperone effects and manage misfolded proteins.

Under physiological conditions, the cysteine of AGR2 is in a reduced
state, and its thiol can condense with those of other cysteines to form
disulfide bonds [23]. Oxidative stress leads to disruption of the thiol on
the cysteine of AGR2, upon which the ability to form covalent bonds
with mucin is lost [66,67]. We found that the oxidative stress triggered
by burn sepsis led to the accumulation of a large amount of ROS, which
significantly reduced the cysteine thiol level of AGR2, while glutathione
modification was obviously enhanced (Fig. 3H-J). The essence of this
change was that the —-SH group on Cys-81 of AGR2 was replaced by a
-SSG group, which made it difficult to form disulfide bonds between
AGR2 and MUC2, and inhibited the ability of AGR2 to process and
modify MUC2. Large amounts of MUC2 precursor protein accumulated
in the ER, further exacerbating burn sepsis-induced ER stress, with
obvious increases in the levels of the corresponding marker proteins
GRP78 and CHOP (Fig. 3E).

S-glutathionylation is a common post-translational modification of
protein cysteines and is usually activated during oxidative stress [27]. It
can protect against the irreversible oxidation of protein thiol groups, and
is involved in protein function regulation and oxidative stress signal
transduction [29]. A large number of proteins have been identified as
potentially regulated by reversible S-glutathionylation, such as c-Jun,
NF-kB, Ras, and MEKK1 [29,55,68]. S-glutathionylation has been shown
to regulate the structure/function of proteins in a complex manner,
either positively or negatively (enhanced or suppressed activity) [30]. It
has been reported that oxidative stress can promote the Cys118 on
p21ras S-glutathionylation in both endothelial and smooth muscle cells,
trigger downstream signaling through phosphorylation of ERK and AKT,
and mediate hypertrophy of vascular smooth muscle cells [29]. Similar
results could be found in S-glutathionylation of the Cys188 residue of IL-
1B, which positively regulates its bioactivity [55]. However, more
studies have shown that most proteins are inhibited in their activity by
S-glutathionization occurred on cysteines, which is particularly evident
in the case of enzymes [29,68,69]. AGR2 is a key enzyme regulating the
synthesis and modification of MUC2. If AGR2 S-glutathionylation
enhanced due to oxidative stress after burn sepsis, it will inevitably
interfere with the formation of the disulfide bond between AGR2 and
MUC2 and hinder the modification of MUC2 by AGR2. In addition,
excessive S-glutathionylation might also prevent AGR2 from forming
homodimers, thus exacerbating ER stress. In this study, the results
confirm the above hypothesis (Fig. 3 E; 3 K). S-glutathionylation is
regulated by the glutathione cycle; GSSG promotes this reaction, while
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Fig. 6. O-GlcNAcylation of G6PD regulates its activity through dimerization to promote MUC2 maturation.
(A) Immunoblot analysis of protein O-GlcNAc modification in the distal colons of sham and burn-infected mice at 5 days post-injury (N = 5 per group). (B) Detection
of O-GlcNAcylation of G6PD in the distal colons of sham and burn-infected mice by using chemical enzyme labeling and biotinylation (N = 5 per group). (C) G6PD
enzyme activity assay (N = 5 per group). (D) Labeling of G6PD glycosylation levels in WT and S84V G6PD cells. (E) Immunoblot for O-GlcNAcylation of G6PD. Cells
labelled WT and S84V were treated with DON (20 pM) and TMG (50 pM). (F) G6PD enzyme activity assay of cells under different treatments (N = 5 per group). (G)
Oligomerization status in WT and S84V G6PD cells measured by immunoblotting. Cross-linking with 1 mM DSS. (H) Immunoblot for O-GlcNAcylation of G6PD. WT
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13



D. Wu et al. Redox Biology 59 (2023) 102581

A B C G + + 4 S -
Hexosamine-biosynthesis pathway Gin N GIN . . .
" - - c - _ R

Glucose GINc  + - - - DON - + + - - +

HK, OGlcNAc g _ - - g -' _ - — - G— -l Glyco G6PD

Glucose-6P Glucosamine modification o
2 ) :
" l oo “OGT O | [— ——— [ s s s s s 11Ut GEPD

l GFAT
Fructose-6-P —pg> Glucosamine-6P ——UDP-GIcNAc |---q GAPDH

Glutamine  Glutamate

D E
LPS - + + + LPS - + + + *kk
Gn - - + + 15+ Kk Gh - - + + 15- .
DON - - - * kpDa sk DON KDa 4 -,
— *kk & e
o © v
< 2 1.0 O 91.0
Zs o &
O-GIcNAc (‘D_-’ S5 Glyco G6PD | 55 55
i O Oo
0% 054 =Py
< 0.5 3 I-E()‘5
>
O]
0- 0-
LPS - + + + LPS - + + +
- Gn - - + o+ Gln - -+ o+
GAPDH [emmemesl-s6  DON - - -+ qoagepp[mem===—]-s8 DON - - -+
F LPS - . G Cell AGR2-SH =
Glh - t I : 1.57 Hekk Gln - -+ o+ 5/15 T ke
DON - s = & R e LPS -+ o+ o+ T Hkk sekk
KDa £ & - - - + KDpa 8
D53 2210 B 510
5 e
130 £ o q
i o - [ -
G6PD Dimer 100 S8 05 o>0-5
?2
70 0 % 0
LPS - + + + SH1 = LPS - + + +
5 Gln - -+ + Gln - - * *
- - - + - - - +
G6PD Monomer| DON SHO DON
H |
A [0 Mature MUC2
DON - - - + 25 LPS - + + + _ 25 0 MUC2 Precursor
KDa Gh - - + + 95
% 32'0 DON - - - + % 2.0
. = @©
IP:GSH <215 Mature MUC2 [ W ) | 2515
7 E=— 3
ﬁ o 1.0 MUC2 Precursor 5 S51.0
[e] r it
gLos GAPDH [ —— © ™
< 9 0
IB:AGR2 == wm - —=l_ 15 LPS - + + 4 LPS - + + +
Gh - - * GIn - - + +
npuAcR e ——l-17  pon . . . 5 = & e =

Fig. 7. Gln activated G6PD activity and stabilized AGR2 redox homeostasis via the HBP

(A) Hexosamine biosynthetic pathway. (B, C) Effects of GIn and glucosamine on G6PD protein and O-GlcNAcylation levels as determined by immunoblotting of GGPD
protein with antibodies against the G6PD protein and O-GlcNAc. HT-29 CL.16E cells were treated with 2 mM Gln or 10 mM glucosamine for 12 h, and cultured in the
absence or presence of DON (20 pM). (D) Immunoblot detection of cellular protein O-GlcNAcylation. HT-29 CL.16E cells were exposed for 12 h to LPS (100 ng/ml),
cultured in the absence or presence of Gln (2 mM), and then stimulated with or without Don (N = 3 per group). (E) Chemical enzyme labeling and biotinylation to
detect the O-GlcNAcylation of G6PD (N = 3 per group). (F) Immunoblot detection of G6PD dimers and monomers. Cells were cross-linked with 1 mM DSS (N = 3 per
group). (G) A -SulfoBiotics- Protein Redox State Monitoring Kit was used to determine the thiol redox state of recombinant proteins (N = 3 per group). (H) S-
glutathionylated AGR2/AGR2 was measured by immunoblot analysis (N = 3 per group).(I) Inmunoblot detection of mature MUC2 and immature MUC2 protein
expression (N = 3 per group). * Compared with control, & Compared with the LPS group, & P < 0.05; &&P < 0.01; &&& P < 0.001. # Compared with LPS + GIn
group, #P < 0.05; # #P < 0.01; # # #P < 0.001.

GSH inhibits it [34]. We found that administration of Gln enhanced GSH regulate the GSH cycle through the NADPH/NADP + cycle [57].

synthesis, inhibited oxidative stress, decreased AGR2 S-gluta- Therefore, we hypothesized that NADPH may play a key role in the in-
thionylation, protected vulnerable thiols from over-oxidation, increased hibition of AGR2 S-glutathionylation.

the synthesis of mature MUC2, and reduced ERS (Fig. 4D-N). Similarly, There are several known NADPH synthesis pathways in the body,
Tang’s group demonstrated that glutamine could inhibit the glutathione including the PPP, the ME1 pathway and the IDH1 pathway. The PPP is
modification of mitochondrial complex I by promoting GSH synthesis, the main process for NADPH synthesis, accounting for more than 60% of
but the author did not explore the deeper mechanism [70]. Our previous the total [36,37]. Therefore, in this study we chose to explore the
studies have shown that Gln inhibits oxidative stress by promoting mechanism regulating NADPH synthesis with the PPP. G6PD is the
NADPH synthesis and accelerating the conversion of GSSG to GSH [26, rate-limiting enzyme in this pathway and controls carbon flux and
43]. NADPH is the most important reducing equivalent in the body, and NADPH production [57,69,71]. The two molecules of NADPH generated
it acts as a transmitter of hydrogen to maintain redox homeostasis and by the PPP are obtained by two-step oxidation reactions catalysed by
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Fig. 8. GIn promoted MUC2 maturation by stabilizing AGR2 redox homeostasis induced by O-GlcNAcylation of G6PD in burn infection. (A) O-GlcNAcylation levels
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G6PD [36,37,39]; the importance of G6PD is therefore self-evident. In
this study, the G6PD inhibitor treatment or knockdown of G6PD resulted
in a significant reduction in NADPH synthesis and enhanced S-gluta-
thionylated AGR2, leading to a reduction in the mature MUC2 level
(Fig. 5A-K). Conversely, supplementation with exogenous NADPH or
G6PD agonists markedly increased the GSH/GSSG ratio, maintained the
redox balance of AGR2, and increased the mature MUC2 content. Thus,
G6PD activity is closely related to AGR2 redox homeostasis and the
maturation of MUC2.

Rao et al. [59] reported that compared with the GGPD monomer, the
G6PD dimer has better bioactivity and stability, and glycosylation
modification is key to promoting the formation of homodimers of G6PD.
Furthermore, the serine at N-terminal position 84 of G6PD (Ser-84) is
the only glycosylation site. In this study, we mutated the site and found
that the glycosylation of G6PD was markedly reduced, resulting in a
decrease in the number of G6PD dimers (Fig. 6G). This result confirmed
that glycosylation modification of G6PD is a core factor in the formation
of G6PD homodimers. GIn can promote the synthesis of glucosamine, a
glycosylated substrate involved in the glycosylation modification of
some proteins, such as HSP70 and Spl [72-74]. However, whether it
promotes the glycosylation modification of G6PD has not been reported.
Our experimental results revealed that the G6PD glycosylation was
significantly reduced and the NADPH synthesis was obviously inhibited
in septic mice (Fig. 6A-C). Gln administration notably increased the
G6PD glycosylation level and dimer content, thereby promoting NADPH
synthesis, inhibiting the glutathionylated modification of AGR2, and
maintaining redox homeostasis (Figs. 7 and 8).

There are two main types of protein glycosylation modifications,
namely, O-glycosylation and N-glycosylation [75]. Gln is involved in
protein glycosylation through the HBP, a subtype of O-glycosylation
[76,77]. The rate-limiting enzyme of HBP is GFAT, under its catalysis, an
acylamino from Gln is added to the sugar chain of fructose 6-phosphate
to form the substrate of O-glycosylation, i.e.,, uracil
diphosphate-N-acetylglucosamine (UDP-N-GlcNAc) [73,76,77]. In this
study, we used DON, a specific inhibitor of GFAT, and found that the
effect of Gln on promoting G6PD glycosylation was significantly
inhibited. Administration of glucosamine reversed the effect of DON,
thus confirming that GIln promotes G6PD glycosylation via the HBP
(Fig. 7C-E).

In recent years, the regulatory role of Gln in cellular metabolism has
received increasing attention, including its role in the metabolic
reprogramming of the TCA cycle [79,80], regulation of the urea cycle
and redox homeostasis [78-80], and protein glycosylation modification
[81,82]. In this study, we used G6PD glycosylation modification as an
entry point and NADPH as an effector to investigate the molecular
mechanism by which Gln maintains AGR2 redox homeostasis and re-
duces intestinal mucus barrier injury due to burn sepsis. The most
important findings are twofold: first, we demonstrated that the S-glu-
tathionylation of AGR2 is key to inhibiting its activity; second, we found
that the core mechanism by which Gln maintains the intestinal mucus
barrier involves promotion of G6PD glycosylation, an increase in
NADPH synthesis, attenuation of AGR2 glutathionylation, and upregu-
lation of mature MUC2 synthesis. These results help to deepen the un-
derstanding of Gln-mediated regulation of cellular metabolism, and they
provide a theoretical basis for the rational use of Gln in burn clinics.
Nevertheless, some details are not entirely clear, such as how is the
formation of AGR2 dimer versus monomer precisely regulated, and what
are the biological functional of AGR2 dimerization, and the mechanism
of regulating the balance between glutathionylation versus degluta-
thionylation of AGR2? These issues will be investigated in our future
studies.
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