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Glycaemia and body weight are regulated by
sodium-glucose cotransporter 1 (SGLT1)
expression via O-GlcNAcylation in the intestine
Kimihiro Nishimura 1, Yukihiro Fujita 1,*, Shogo Ida 1, Tsuyoshi Yanagimachi 1, Natsuko Ohashi 1,
Kiyoto Nishi 2, Atsushi Nishida 1, Yasumasa Iwasaki 3, Katsutaro Morino 1,4, Satoshi Ugi 1, Eiichiro Nishi 2,
Akira Andoh 1, Hiroshi Maegawa 1
ABSTRACT

Objective: The intestine is an important organ for nutrient metabolism via absorption and endocrine systems. Nutrients regulate O-GlcNAcy-
lation, a post-translational modification of various proteins by O-GlcNAc transferase (OGT). We have previously shown that general OGT knockout
induced severe weight loss and hypoglycaemia in mice, but little is known about how O-GlcNAcylation in the intestine modulates nutrient
metabolism, especially glucose metabolism, through absorption. We aimed to reveal the roles of O-GlcNAcylation in glucose absorption by the
small intestine and elucidate the mechanism by which O-GlcNAcylation regulates sodium-glucose cotransporter 1 (SGLT1) expression.
Methods: First, we fasted normal mice and examined the changes in glucose transporters and O-GlcNAcylation in the intestine. Then, we
generated two lines of small intestine-specific OGT-deficient mice (congenital: Ogt-VKO, tamoxifen-inducible: Ogt-iVKO) and observed the
changes in body weight and in glucose and lipid metabolism. Finally, we investigated Sglt1 gene regulation by O-GlcNAcylation using enter-
oendocrine STC-1 cells.
Results: Fasting decreased O-GlcNAcylation in the intestinal epithelium of normal mice. The Ogt-VKO mice showed significantly lower non-
fasted blood glucose levels and were underweight compared with litter matched controls. Glycaemic excursion in the Ogt-VKO mice was
significantly lower during the oral glucose tolerance test but comparable during the intraperitoneal glucose tolerance test. Furthermore, the Ogt-
VKO mice exhibited lower Sglt1 expression in the small intestine compared with the control mice. We obtained similar results using the Ogt-iVKO
mice only after tamoxifen administration. The oral D-xylose administration test revealed that the intestinal sugar absorption was diminished in the
Ogt-iVKO mice and that GLP-1 secretion did not sufficiently increase after glucose gavage in the Ogt-iVKO mice. When using STC-1 cells, O-
GlcNAcylation increased Sglt1 mRNA via a PKA/CREB-dependent pathway.
Conclusion: Collectively, loss of O-GlcNAcylation in the intestine reduced glucose absorption via suppression of SGLT1 expression; this may lead
to new treatments for malabsorption, obesity and diabetes.

� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The intestine is an important organ for digestion, absorption, immunity
and endocrine systems. Intestinal epithelial cells line the inner surface
of the small intestine and consist of four different cell types: enter-
ocytes (intestinal absorptive cells), Paneth cells, goblets cells and
enteroendocrine cells [1]. The small intestine digests nutrients such as
carbohydrates, proteins and fats and absorbs them from the apical
sites of enterocytes into the capillaries and the lymph vessels via either
diffusion or active transport [2]. More than 20 hormones are released
from enteroendocrine cells, which are involved in the regulation of
digestive juice secretion, gut motility, appetite and nutrient meta-
bolism. GLP-1 and GIP are incretins involved in the glucose-dependent
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insulin secretion from pancreatic beta cells. GLP-1 also regulates food
intake and suppresses glucagon secretion from pancreatic alpha cells,
and GIP is involved in functions such as bone and fat metabolism [3,4].
With the advent of new classes of glucose-lowering drugs for diabetes,
various organs have been shown to be involved in the pathogenesis of
hyperglycaemia, including the gastrointestinal tract via diminished
actions of incretins [5,6].
Glucose, one of the body’s most important energy sources, is absorbed
by the active sugar transporter, SGLT1, at the brush border of enter-
ocytes; it is then extruded to the basolateral sites by the facilitated
glucose transporter, GLUT2 [7]. A missense mutation in the SGLT1
gene in humans causes the inherited metabolic disorder of glucose-
galactose malabsorption with symptoms that include watery and/or
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Abbreviations

CREB cAMP response element binding protein
EE energy expenditure
GIP glucose-dependent insulinotropic polypeptide
GLP-1 glucagon-like peptide-1
GLUT glucose transporter
IPGTT intraperitoneal glucose tolerance test
O-GlcNAcylation O-linked N-acetylglucosaminylation
OGA O-GlcNAcase
OGT O-GlcNAc transferase
OGTT oral glucose tolerance test
OOTT olive oil tolerance test
OSMI1 aR-[[(1,2-dihydro-2-oxo-6-quinolinyl)sulfonyl]amino]-N-(2-

furanylmethyl)-2-methoxy-N-(2-thienylmethyl)-
benzeneacetamide

PKA protein kinase A
RQ respiratory quotient
SGLT1 sodium-glucose cotransporter 1
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acidic diarrhoea by non-absorbed glucose, galactose and sodium [8,9].
SGLT1 is also expressed in the apical membrane of incretin-secreting
K cells and L cells and functions as a glucose sensor. Incretin release is
enhanced mainly after sugar and lipid intake. Sglt1-deficient mice lack
glucose-stimulated incretin secretion but sustain lipid-stimulated
incretin release [10].
Glucose in the cells enters the hexosamine biosynthetic pathway and is
converted partly into uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc). O-GlcNAcylation is a post-translational modification in which
UDP-GlcNAc is added to the serine/threonine residues of target pro-
teins and modulates activation or inactivation of various proteins and
genes’ expression. Amino acids and fatty acid metabolites are involved
in O-GlcNAcylation, in addition to glucose metabolites, and only two
key enzymes regulate O-GlcNAcylation: the enhancer OGT and the
suppressor OGA [11,12]. Several reports have indicated that O-
GlcNAcylation was enhanced in diabetes mellitus, resulting in gluco-
toxicity, enhanced insulin resistance, impaired insulin secretion and
diabetic complications [13e17].
We have previously generated mice with a tamoxifen-induced OGT
knockout in the entire body and reported that the general OGT
depletion induced severe weight loss and hypoglycaemia, eventually
resulting in death. Additionally, mice with pancreatic beta cell-specific
OGT depletion manifested insulin hypersecretion in the early stage,
followed by beta cell apoptosis with decreased insulin secretion in the
late stage [18]. However, little is known about how O-GlcNAcylation in
the intestine modulates nutrient metabolism, especially glucose
metabolism, through absorption.
We attempted to elucidate the physiological and pathophysiological
roles of O-GlcNAcylation in the small intestine, which plays important
roles in the absorption of nutrients and the regulation of systemic
metabolism. To this end, we generated two lines of small intestine-
specific OGT-deficient mice and observed the changes in body
weight and glucose and lipid metabolism, then investigated the roles of
O-GlcNAcylation in vivo and in vitro.

2. METHODS

2.1. Ethics
All animal experiments were conducted in accordance with the
guidelines of the Research Center for Animal Life Science (RCALS), and
2 MOLECULAR METABOLISM 59 (2022) 101458 � 2022 The Author(s). Published by Elsevier GmbH. T
all animal experimental protocols were approved by the Safety Com-
mittee for Genetic Recombination Experiments and RCALS, Shiga
University of Medical Science (Approval numbers #26-7, #29-32, #30-
37). All animal handling and experimentation were conducted ac-
cording to the guidelines of RCALS at Shiga University of Medical
Science.

2.2. Animal experiments
For fasting experiments, C57BL/6J male mice (Nihon Clea, Tokyo,
Japan) were fasted for 24 h with free access to water. Intestinal
epithelial-specific Ogt-deficient mice (Ogt-VKO), tamoxifen-inducible
intestinal epithelial-specific Ogt-deficient mice (Ogt-iVKO) and
whole-body tamoxifen-inducible Ogt-deficient mice (Ogt-iKO) were
generated using the Cre-LoxP system by mating Ogt-flox (Ogt flox/flox)
female mice (Jackson Laboratory, Bar Harbor, ME, USA). Further de-
tails are described in the Supplemental methods and figures
(SFigures 1A, 3A, 9A).
All animals were housed in a facility kept at 23 �C and a 12-h light/dark
cycle. Unless otherwise noted, mice were kept in groups and had free
access to water and standard solid chow. The experiments used only
male mice (4e22 weeks).

2.3. Oral glucose tolerance test (OGTT), intraperitoneal glucose
tolerance test (IPGTT), olive oil tolerance test (OOTT) and i.v. lipid
tolerance test
The mice were fasted for 16e18 h before tests were performed. We
administered by gavage a 20% w/v glucose solution (1 g/kg body
weight) or injected the solution intraperitoneally, then measured blood
glucose levels and plasma insulin levels as described in the Supple-
mental Methods.
In the OOTT, we administered by gavage olive oil (olive oil: 5 ml/kg
body weight) and collected blood samples from the tail vein at 1, 2, 4,
6 and 8 h after administration. The i.v. lipid tolerance test was
performed after 16e18 h of fasting, with i.v. injection of a lipid
emulsion (Intralipos� Injection 20%: 7.5 ml/kg body weight; Otsuka
Pharmaceutical Factory, Inc., Tokushima, Japan) via the middle of the
tail vein. Blood samples were collected from the end of the tail vein at
1, 3, 6, 10 and 15 min after administration [19]. Triglyceride levels
were measured by an enzymatic colourimetric method (290-63701;
FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). For
assessment of faecal triglyceride content, we extracted triglyceride
from the faecal per the method of Bligh and Dyer [20] and measured
as described above.

2.4. Respiratory and metabolic analysis
The Ogt-flox and the Ogt-VKO mice were individually housed in
chambers at 23 � 1 �C under a 12-h light (08:00e20:00)/12-h dark
(20:00e8:00) cycle for 3 days. Then, respiratory and metabolic pa-
rameters were measured for 2 days. Gas analysis was performed
every 10 min using indirect calorimetry (Comprehensive Lab Animal
Monitoring System: Oxymax/CLAMS, Columbus Instruments, TX, US).
We measured respiratory quotient (RQ), locomotive activities (Xtot) and
energy expenditure (EE).

2.5. Oral D-xylose administration test
We administered D-xylose solution (1 g/kg body weight) by gavage
after 4 h fasting and collected blood samples from the tail vein at 0, 30,
60 and 120 min after administration [21,22]. After centrifuge, we
assayed serum D-xylose levels by commercial ELISA kits (#6601;
Condrex, Bucharest, Romania).
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Figure 1: Fasting reduced O-GlcNAcylation in the intestinal epithelium. (A) Representative western blot analysis of O-GlcNAcylation (RL2) and OGT levels in the intestinal
epithelium. Quantification of RL2 (B) and OGT (C) levels in the intestinal epithelium (n ¼ 6 in each group). Data are presented as mean � SEM. *p < 0.05, **p < 0.01.
2.6. Glucose-induced or lipid-induced incretin secretion
We examined glucose-induced or lipid-induced incretin secretion in mice
as described in the Supplemental Methods and in a previous report [10].
Total GIP and total GLP-1 were assayed by commercial ELISA kits (GIP:
EZRMGIP-55K, GLP-1: EZGLP1T-36K; Millipore, Burlington, MA, USA).

2.7. Histological analysis and western blot analysis
The antibodies and methods used are described in the Supplemental
Methods.

2.8. Cell experiments
Professor Douglas Hanahan kindly provided Enteroendocrine STC-1
cells. The cells were grown in 25 mmol/l glucose DMEM with 10%
FCS and 1% Pen Strep in 5% CO2 at 37 �C. We cultured the cells to
around 70e90% confluency for experiments. We examined the ef-
fects of O-GlcNAcylation and intrinsic cAMP activation on the regu-
lation of Sglt1 gene expression in STC-1 cells. For O-GlcNAcylation,
cells were incubated for 3 days with 10 mmol/l D-glucosamine hy-
drochloride (11712-24; Nacalai Tesque Inc., Kyoto, Japan). For
suppression of O-GlcNAcylation, the OGT inhibitor OSM1 (SML1621;
Sigma-Aldrich, St. Louis, MO, USA) was added to the medium at
50 mmol/l on the last day of D-glucosamine treatment. For PKA in-
hibition or CREB inhibition, we incubated STC-1 cells in the medium
with H89 at 10 mmol/l (10010556; Cayman Chemical, Ann Arbor, MI,
USA) or 666-15 at 100 nmol/l (538341; Sigma-Aldrich, St. Louis, MO,
USA) for 24 h.

2.9. Total RNA extraction and qRT-PCR analysis
We performed total RNA extraction, cDNA synthesis and qRT-PCR
analysis as described in the Supplemental Methods. Primer se-
quences are listed in the Supplemental Materials (Stable 1).

2.10. Statistical analysis
Data are expressed as mean � SEM. Statistical analysis was per-
formed using the unpaired Student’s t test, one-way ANOVA followed
MOLECULAR METABOLISM 59 (2022) 101458 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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by Tukey post hoc test, two-way repeated ANOVA followed by the
Sidak post hoc test or analysis of covariance (ANCOVA). Data were
analysed using commercial software (Generic analysis, Prism 9;
GraphPad, San Diego, CA, USA. ANCOVA, SPSS version 25; SPSS Inc.,
Armonk, NY, USA). A value of p < 0.05 was considered as significant.

3. RESULTS

3.1. Fasting reduces O-GlcNAcylation in the intestinal epithelium
It is not well documented whether O-GlcNAcylation increases or de-
creases upon physiological changes after feeding in the intestinal
epithelium, although O-GlcNAcylation has previously been shown to
function as a nutrient sensor in other organs [23].
Thus, we compared 24-h-fasted mice with non-fasting control mice to
examine whether O-GlcNAcylation in intestinal epithelial cells was
modified by starvation. O-GlcNAcylation in the small intestine of the
24-h-fasted mice was about a fifth of that in the non-fasting control
mice as assessed by the expression of O-linked N-acetylglucosamine,
detected with RL2 antibody, though the OGT protein levels were
comparable (Figure 1AeC). Thus, fasting decreased the expression of
O-GlcNAcylation level in the intestinal epithelium.

3.2. Intestine-specific OGT depletion reduces glycaemia and body
weight in the mice
To further explore the roles of O-GlcNAcylation in the intestinal
epithelium, we generated mice with an intestinal epithelium-specific
knockout of Ogt gene (Ogt-VKO) by mating female Ogt (flox/flox)
mice with male villin1-Cre transgenic mice (SFigure 1A). First, we
confirmed that O-GlcNAcylation was diminished in the small intestine
of the Ogt-VKO mice by showing the lack of expression of O-linked N-
acetylglucosamine in the intestinal epithelium through western blotting
and immunohistochemistry with RL2 antibody (Figure 2A,B), and Ogt
gene expression was reduced in the intestinal mucosa of the Ogt-VKO
mice (Figure 2C). Furthermore, the Ogt-VKO mice had significantly
lower non-fasted blood glucose levels than the litter-matched controls
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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(at 4 weeks; 7.7 � 0.4 vs. 5.1 � 0.2 mmol/L, p < 0.05; Figure 2D).
The glycaemia in the Ogt-VKO mice remained significantly lower than
in the control mice during the entire observation period. Compared with
the control mice, the Ogt-VKO mice were also significantly under-
weight at weaning (4 weeks; 22.3 � 0.3 vs. 15.9 � 0.4 g, p < 0.05),
and their subsequent body weight gain was notably reduced during
their growth (Figure 2E,F).

3.3. Glucose absorption from the small intestine may be decreased
in the Ogt-VKO mice
We performed OGTT, IPGTT and OOTT to determine the effect of O-
GlcNAcylation on intestinal nutrient absorption. The Ogt-VKO mice
showed significantly lower glucose excursion along with reduced in-
sulin release in the OGTT compared with the control mice (Figure 3Ae
C). However, the changes in glycaemia and insulin levels were com-
parable during the IPGTT between the Ogt-VKO and the control mice
(Figure 3DeF). We also observed comparable insulin sensitivity
Figure 2: Intestine-specific OGT depletion reduced glycaemia and body weight in the mice
anti-O-GlcNAc (RL2) antibodies (scale bars, 100 mm). (B) Representative western blot an
tification of Ogt gene expression in the intestinal epithelium (n ¼ 6 in each group). (D) Bod
and n ¼ 8 for the Ogt-VKO). (E) Blood glucose levels of the Ogt-VKO and the control mice
gain of the Ogt-VKO and the control mice from 4 to 16 weeks. Data are presented as m
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between the two groups, which we assessed with the insulin tolerance
test (SFigure 1B). Contrary to the oral glucose load, the Ogt-VKO mice
showed significantly higher triglyceride levels 2 h after oral olive oil
gavage compared with the control mice (Figure 3G,H), but the Ogt-VKO
mice showed lower triglyceride levels after i.v. injection of intralipos
compared with the control mice (Figure 3I).
We expected that the Ogt-VKO mice would use less glucose and more
lipids because of the limited glucose absorption from the intestine. We
measured and compared the faecal lipid content to assess if the lipid
absorption was enhanced in the Ogt-VKO mice. The faecal lipid con-
tents from the Ogt-VKO mice showed approximately one-third of that of
the control mice, suggesting the Ogt-VKO might absorb more lipids
from the gut (Figure 4I).
Next, we performed respiratory and metabolic analyses. In the Ogt-
VKO mice, the RQ significantly decreased between the dawn and the
early light period compared with the control mice, suggesting lipid
metabolism was enhanced during the period (Figure 4A,B). The
. (A) Immunohistochemical analysis of O-GlcNAcylation in the intestinal epithelium using
alysis of O-GlcNAcylation (RL2) and OGT levels in the intestinal epithelium. (C) Quan-
y weight of the Ogt-VKO and the control mice following weaning (n ¼ 9 for the Ogt-flox
following weaning (n ¼ 9 for the Ogt-flox and n ¼ 8 for the Ogt-VKO). (F) Body weight
eans � SEM. *p < 0.05, ***p < 0.001.
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Figure 3: Glucose absorption from the small intestine was decreased in the Ogt-VKO mice. (A, B) Glycaemia and AUC of the Ogt-VKO and the control mice during the OGTT (n ¼ 17
for the Ogt-flox and n ¼ 15 for the Ogt-VKO). (C) Insulin secretion of the Ogt-VKO and the control mice (n ¼ 9 for the Ogt-flox and n ¼ 8 for the Ogt-VKO) during the OGTT. (D, E)
Glycaemia and AUC of the Ogt-VKO and the control mice during the IPGTT (n ¼ 13 for the Ogt-flox and n ¼ 10 for the Ogt-VKO). (F) Insulin secretion of the Ogt-VKO and the control
mice during the IPGTT (n ¼ 10 for the Ogt-flox and n ¼ 9 for the Ogt-VKO). (G, H) Triglyceride concentrations and AUC of the Ogt-VKO and the control mice during the OOTT (n ¼ 5
for the Ogt-flox and n ¼ 4 for the Ogt-VKO). (I) Triglyceride concentrations and AUC of the Ogt-VKO and the control mice during the i.v. intralipos tolerance test (n ¼ 4 for the Ogt-
flox and n ¼ 3 for the Ogt-VKO). Data are presented as mean � SEM. *p < 0.05. AUC, area under the curve.
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Figure 4: Faecal triglyceride content, respiratory quotient (RQ), voluntary activity (Xtot) and energy expenditure (EE). (A, B) RQ of the Ogt-VKO and the control mice (n ¼ 6 for the
Ogt-flox and n ¼ 5 for the Ogt-VKO). (C, D) Voluntary activity (Xtot) of the Ogt-VKO and the control mice (n ¼ 6 for the Ogt-flox and n ¼ 5 for the Ogt-VKO). (E, F, G) Energy
expenditure (EE) of the Ogt-VKO and the control mice (n ¼ 6 for the Ogt-flox and n ¼ 5 for the Ogt-VKO, dF ¼ 1) (H) Generalized linear model of the Ogt-VKO and the control mice
(n ¼ 6 for the Ogt-flox and n ¼ 5 for the Ogt-VKO, dF ¼ 1). (I) Faecal triglyceride of the Ogt-VKO and the control mice (n ¼ 6 in each group). Data are presented as mean � SEM.
*p < 0.05, **p < 0.01, ***p < 0.001. (Two-way ANOVA except for EE. ANCOVA for EE).
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Figure 5: The Ogt-VKO mice exhibited lower expression of SGLT1 in the small intestine. (A) Intestinal epithelium sections were stained with RL2 (green), SGLT1 (red) and DAPI
(blue); representative intestine epithelium images are shown (scale bars, 25 mm). (B) Quantification of Sglt1 gene expression in the intestinal epithelium (n ¼ 6 in each group). (C)
Representative western blot analysis of SGLT1 levels in the intestinal epithelium. (D) Quantification of SGLT1 levels in the intestinal epithelium (n ¼ 7 in each group). Data are
presented as mean � SEM. **p < 0.01, ***p < 0.001.
locomotive activity (Xtot) of the control mice fluctuated, but that of the
Ogt-VKO mice was stable and low during the mid-dark phase and the
early light period (Figure 4C,D). Energy expenditure in the Ogt-VKO
mice was lower for nearly the duration of the day than that in the
control mice, with statistical significance by ANCOVA analysis in setting
body weight as a confounding factor (n ¼ 6 for the Ogt-flox and n ¼ 5
for the Ogt-VKO, dF ¼ 1, p < 0.001) (Figure 4EeG). We also plotted
the individual average EE values and respective body weight of each
mouse, indicating that the genetic manipulation was driving differ-
ences in EE and that body weight was not responsible for the differ-
ences since each slope was variable by the mouse genetics
(Figure 4H).
MOLECULAR METABOLISM 59 (2022) 101458 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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These results suggest that glucose absorption may be diminished from
the small intestine of the Ogt-VKO mice and that the Ogt-VKO mice
could shift from glucose to lipid metabolism.

3.4. The Ogt-VKO mice exhibit lower expression of SGLT1 in the
small intestine without atrophy and inflammation
In the control mice, strong SGLT1 expression was observed along the
brush border membranes of the intestinal villi concomitantly with the
expression of O-linked N-acetylglucosamine in the nucleus and the
cytosol, which was detected with RL2 antibody. However, in the Ogt-VKO
mice, SGLT1 expression was scarce, with almost no O-GlcNAcylation in
the intestinal epithelium (Figure 5A). We also observed that the Sglt1 gene
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 6: Induced small intestine-specific depletion of OGT decreased body weight and glycaemia and glucose-dependent GLP-1 secretion was blocked in the Ogt-iVKO mice. (A)
Body weight of the Ogt-iVKO and the control mice following TM injection (n ¼ 8 for the Ogt-flox and n ¼ 7 for the Ogt-iVKO). (B) Non-fasted insulin secretion of the Ogt-VKO and the
control mice (n ¼ 5 for the Ogt-flox and n ¼ 4 for the Ogt-iVKO). (C) Blood glucose levels of the Ogt-iVKO and the control mice following TM injection (n ¼ 8 for the Ogt-flox and
n ¼ 7 for the Ogt-iVKO). (D) Food intake of the Ogt-iVKO and the control mice (n ¼ 5 for the Ogt-flox and n ¼ 5 for the Ogt-iVKO). (E, F) Serum D-xylose concentrations and AUC (up
to 60 min) during the oral D-xylose administration test of the Ogt-iVKO and the control mice (n ¼ 5 for the Ogt-flox and n ¼ 4 for the Ogt-iVKO). (G) GLP-1 concentrations in the Ogt-
iVKO and the control mice during the OGTT (n ¼ 11 in each group). (H, I) DGLP-1 concentrations in the Ogt-iVKO and the control mice at 5 and 30 min after glucose gavage (n ¼ 11
in each group). (J) GLP-1 concentrations in the Ogt-iVKO and the control mice during the OOTT (n ¼ 8 in each group). (K, L) DGLP-1 concentrations in the Ogt-iVKO and the control
mice at 5 and 30 min after olive oil gavage (n ¼ 8 in each group). Data are presented as mean � SEM. *p < 0.05. **p < 0.01. TM, tamoxifen.
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expression was reduced by half in the gut mucosa of the Ogt-VKO mice
(Figure 5B), and SGLT1 protein in the small intestine of the Ogt-VKO mice
was approximately one-third of that of the control mice. (Figure 5C,D).
High intestinal inflammation causes malabsorption that may lead to
low body weight and hypoglycaemia. To exclude this possibility, we
examined the morphological changes and cytokine-related gene
expression in the intestine. The Ogt-VKO mice showed no obvious
inflammatory cell infiltration and no atrophy (SFigure 2A); they also
showed no obvious increase of F4/80 positive macrophage infiltration
in the small intestine upon histological analysis (SFigure 2B). Addi-
tionally, there was no obvious bloody stool or diarrhoea in the Ogt-VKO
mice, which would suggest enteritis (SFigure 2C), and we did not
observe shortening of the length of the intestine and the villus/crypt
ratio in the Ogt-VKO mice, which would also indicate enteritis
(SFigure 2D, E). Moreover, the Tnf-a and F4/80 genes, which are
involved in inflammation, were not enriched in the Ogt-VKO mice
compared with the control mice, suggesting that gut inflammation is
unlikely to be involved (SFigure 2F, G).

3.5. Inducible small intestine-specific depletion of OGT results in a
decrease in body weight, glycaemia and intestinal sugar absorption
As demonstrated above, the Ogt-VKO mice were congenitally lacking
O-GlcNAcylation in the intestine and presented underweight and lower
glycaemia even at weaning. Therefore, to exclude the influence of
growth during lactation, we generated tamoxifen-inducible intestinal
epithelium-specific Ogt-knockout mice (Ogt-iVKO) (SFigure 3A). We
observed suppressed intestinal O-GlcNAcylation in the Ogt-iVKO mice
by immunostaining and western blotting with RL2 antibody
(SFigure 3B, C). Before tamoxifen administration, the body weight and
glycaemic levels were similar between the Ogt-iVKO and the control
mice. However, body weight significantly reduced (24.5 � 0.3 vs.
21.6� 0.3 g, p< 0.05) and blood glucose levels drastically decreased
(7.0 � 0.4 vs. 4.8 � 0.4 mmol/l, p < 0.05) 2 weeks after tamoxifen
treatment (Figure 6A,C). We measured ad libitum-fed plasma insulin
levels in both the Ogt-iVKO and the control mice. Ogt-iVKO showed
significantly lower plasma insulin compared with the control
(204.6� 45.6 pM vs. 68.5� 14.4 pM, p< 0.05) (Figure 6B). The food
intake of the Ogt-iVKO and the control mice after tamoxifen adminis-
tration was similar (Figure 6D). Additionally, we observed significant
weight loss even in pair feeding of the Ogt-iVKO mice (23.8 � 0.8 vs.
20.5 � 0.2 g, p < 0.01) (SFigure 4A).
In the Ogt-iVKO mice, the expression of SGLT1 protein was barely
detected along the brush border of the small intestinal epithelium, with
scarce O-GlcNAcylation assessed by RL2 antibody (SFigure 4B).
Furthermore, Sglt1 gene expression was significantly decreased, with
strong suppression of Ogt gene expression (p < 0.05) in the Ogt-iVKO
mice (SFigure 4C, D).
To elucidate that the intestinal glucose absorption was diminished in
the Ogt-iVKO mice, we performed an oral D-xylose administration test
in both the Ogt-iVKO and control mice. The D-xylose administration test
is a functional test for intestional sugar absorption and has shown
reflecting the SGLT1 facilitated glucose absorption ([21,22]). The Ogt-
iVKO mice exhibited lower xylose levels at the early phase (30 min:
2.18 � 0.13 mM vs. 1.54 � 0.01 mM, p < 0.05) and AUC after oral
administration (Figure 6E,F).

3.6. Glucose-dependent incretin secretion is inhibited in the Ogt-
iVKO mice
Glucose stimulates GLP-1 and GIP release via SGLT1 from intestinal L
cells or K cells; lipids are another stimulator of incretin secretion [24]. To
examine whether loss of O-GlcNAcylation affects glucose-dependent
MOLECULAR METABOLISM 59 (2022) 101458 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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incretin secretion through the reduced expression of SGLT1, we per-
formed oral glucose and fat challenge tests and compared the incretin
levels between the Ogt-iVKO and the control mice.
Oral glucose load (6 g/kg) raised glycaemia significantly less in the
Ogt-iVKO mice than in the control mice (SFigure 5G). The Ogt-iVKO
mice exhibited higher fasting GLP-1 levels (4.6 � 0.8 vs.
9.3 � 1.4 pmol/l, p < 0.05), whereas glucose-dependent GLP-1
secretion was notably suppressed (7.5 � 0.9 vs. 4.1 � 0.8 pmol/l,
p < 0.01) at 5 and 30 min after glucose gavage (Figure 6GeI).
Furthermore, glucose-dependent GIP secretion was suppressed at
5 min after glucose gavage, though the difference was not statistically
significant (SFigure 5AeC). Contrary to the glucose-dependent incretin
release, the Ogt-iVKO mice showed a significant increase in GIP
secretion (SFigure 5DeF) and a slightly higher GLP-1 secretion
(11.6 � 2.2 vs. 16.7 � 3.6 pmol/l; Figure 6JeL) at 30 min after olive
oil gavage. These results suggest that Ogt depletion may be respon-
sible for the decrease in glucose-induced incretin secretion.
Next, we counted cell numbers of K and L cells andmeasuredGip andGcg
(proglucagon) mRNA expression. The cell numbers of L cells and K cells
were increased without significance in the Ogt-VKOmice (SFigure 6A, B),
while in the Ogt-VKO mice, Gcg expression was slightly reduced, and Gip
expression was significantly reduced (SFigure 7C, D).

3.7. O-GlcNAcylation regulates Sglt1 gene expression
Enteroendocrine STC-1 cells secrete incretins in a glucose-dependent
manner so we examined whether changes in O-GlcNAcylation affect
the expression of Sglt1 in STC-1 cells.
Glucosamine treatment, which increases O-GlcNAcylation, increased
the expression of O-linked N-acetylglucosamine, which was detected
with RL2 antibody, whereas OSMI1, an OGT inhibitor, totally dimin-
ished this expression (Figure 7A). Furthermore, glucosamine elevated
and OSMI1 decreased Sglt1 gene expression (Figure 7B). By contrast,
the sugar transporter Glut2 gene expression was not affected by these
treatments. Moreover, Glut5 gene expression was suppressed by
OSMI1 treatment but not affected by glucosamine (Figure 7C,D). These
results suggest that O-GlcNAcylation directly regulates Sglt1 gene
expression. Next, we investigated the interaction between O-GlcNA-
cylation and the cAMP-PKA pathway. Sglt1 gene expression, which
was elevated by glucosamine, was significantly reduced to the control
level by treatment with H89, a PKA inhibitor (Figure 7E).
Additionally, in vivo, CREB phosphorylation, which is regulated by cAMP,
was decreased in the intestinal epithelium of Ogt-VKO (Figure 7F,G).
Furthermore, glucosamine significantly elevated CREB phosphorylation
in STC-1 cells in vitro (Figure 7H,I). A CREB inhibitor, 666-15, reduced
Sglt1 expression in the glucosamine-treated STC-1 cells (Figure 7J).
To investigate whether other transcriptional factors are involved in
Sglt1 gene regulation, we analysed Sp-1 and HNF1 alpha expression.
Sp-1 and HNF1 alpha protein expression inversely increased in the
Ogt-VKO mice (SFigure 8CeE). By contrast, the nuclear localization of
these transcriptional factors was comparable among the Ogt-VKO and
the control mice (SFigure 8A, B).

3.8. Systemic knockdown of O-GlcNAcylation downregulates the
expression of Sglt1 in the intestine and the kidney
SGLT1 is robustly expressed in the epithelium of intestinal mucosa and
in the proximal tubes of the kidney. Therefore, we generated mice with
inducible systemic knockout of Ogt (Ogt-iKO) (SFigure 9A) and
investigated whether O-GlcNAcylation regulates Sglt1 expression,
specifically in the small intestine.
In the systemic Ogt-iKO mice, we observed an extreme decrease in O-
GlcNAcylation, which was assessed by the RL2 antibody (Figure 8A,D),
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 7: O-GlcNAcylation regulated Sglt1 gene expression. (A) Quantification of western blot analysis of OGT and O-GlcNAcylation (RL2) in STC-1 cells (n ¼ 5 in each group).
Quantification of the gene expression of Sglt1 (B), Glut5 (C) and Glut2 (D) in STC-1 cells (n ¼ 6 in each group). (E) Quantification of gene expression of Sglt1 by PKA inhibition in
STC-1 cells (n ¼ 6 in each group). (F) Representative western blot analysis of p-CREB and CREB levels in the intestinal epithelium of the Ogt-VKO and the control mice. (G)
Quantitative ratio of p-CREB to CREB in the intestinal epithelium (n ¼ 5 in each group). (H) Representative western blot analysis of p-CREB and CREB levels by glucosamine
treatment in STC-1 cells. (I) Quantitative ratio of p-CREB to CREB by glucosamine treatment in STC-1 cells (n ¼ 6 in each group). (J) Quantification of gene expression of Sglt1 by
CREB inhibition in glucosamine-treated STC-1 cells (n ¼ 6 in each group). Data are presented as means � SEM. *p < 0.05. GlcN, Glucosamine. OSMI, OSMI1.
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Figure 8: Systemic knockdown of O-GlcNAcylation downregulated the Sglt1 expression in both the intestine and the kidney. (A) Representative western blot analysis of O-
GlcNAcylation (RL2) and OGT in the intestinal epithelium. Quantification of the gene expression of Ogt (B) and Sglt1 (C) in the intestinal epithelium (n ¼ 3 in each group). (D)
Representative western blot analysis of O-GlcNAcylation (RL2) and OGT in the kidney. Quantification of the gene expression of Ogt (E) and Sglt1 (F) in the kidney (n ¼ 6 in each
group). Data are presented as means � SEM. *p < 0.05.
as well as a distinct downregulation of Ogt gene expression both in the
small intestine and the kidney (Figure 8B,E). Sglt1 expression was
simultaneously suppressed in the small intestine and the kidney
(Figure 8C,F), suggesting that O-GlcNAcylation modulated Sglt1
expression in both organs.

4. DISCUSSION

In the current study, we first demonstrated that O-GlcNAcylation
regulates glucose absorption through SGLT1 expression in the intes-
tine. We extended our study to investigate how O-GlcNAcylation
MOLECULAR METABOLISM 59 (2022) 101458 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
modulate protein and gene expression of SGLT1 both in vivo and
in vitro.
The fasting mice showed that O-GlcNAcylation decreased in intestinal
epithelial cells without changes in Ogt expression. The first step of O-
GlcNAcylation is glucose entering the cell and incorporation into the
hexosamine biosynthetic pathway. Therefore, we speculated that the
reduction in glucose influx into the intestinal tract may result in the lack
of substrate for O-GlcNAcylation, leading to the decrease in O-
GlcNAcylation under fasting conditions. In rodents, fasting has been
shown to decrease the gene expression of Sglt1 in the intestine [25],
but SGLT1 gene expression has been reported to be increased by
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Original Article
dietary monosaccharide loading [26,27]. Therefore, we hypothesised
that O-GlcNAcylation modifies the expression of Sglt1 and regulates
glucose absorption. We also postulated that the loss of the O-GlcNA-
cylation mimics the fasting metabolic condition in the intestine.
We therefore created intestinal epithelium-specific Ogt-VKO mice to
further explore the roles of O-GlcNAcylation in the intestine. Indeed, the
Ogt-VKO mice showed lower body weight and decreased glycaemia at
any time from the time of weaning. It is possible that the changes in
body weight and glycaemia in the Ogt-VKO mice after weaning may
have already been determined at weaning. Nevertheless, we cannot
exclude the possibility that the cachexia-like phenotype of the Ogt-VKO
mice contributed to the improved glucose tolerance that we observed.
Thus, we generated the Ogt-iVKO mice, which are tamoxifen-inducible
intestinal epithelium-specific Ogt-deficient mice. We showed that the
suppression of O-GlcNAcylation in the intestine markedly reduced body
weight and blood glucose levels only after tamoxifen administration.
There was no difference in food intake between the Ogt-iVKO and the
control mice, and the Ogt-iVKO mice showed significant weight loss
even after pair feeding. Thus, it is unlikely that the decrease in food
intake due to appetite suppression caused the weight loss and lower
glycaemia.
We then examined whether glucose absorption was affected by the
loss of O-GlcNAcylation. Our results suggest that the decreased SGLT1
expression may be the cause of the decreased glucose absorption in
the Ogt-VKO mice. We have consistently shown, in previous work, that
postprandial hyperglycaemia was linked to increased glucose ab-
sorption via enhanced SGLT1 expression in spontaneous diabetic rats
at the early step of glucose intolerance [22]. To directly access the
intestinal glucose absorption, we performed a D-xylose administration
test in the Ogt-iVKO mice, which is clinically used for the diagnosis of
sugar malabsorption from the gut. A putative SGLT1/2 inhibitor,
phlorizin, blocks D-xylose absorption [22]. As postulated, the Ogt-iVKO
mice exhibited lower peak levels and AUC after the oral D-xylose
administration, suggesting that the Ogt-iVKO mice presented limited
glucose absorption with a decrease in the intestinal SGLT1 expression.
The Ogt-VKO mice on the other hand showed a higher peak triglyceride
level than the control mice did in the OOTT. There are two possible
reasons why: (1) enhanced lipid absorption from the intestine and (2)
delayed triglyceride metabolism in the body. In the Ogt-VKO mice,
triglycerides disappeared significantly faster when given via i.v. in-
jection. Therefore, the increase in triglycerides after the oral OOTT in
the Ogt-VKO mice is likely due to an increase in triglyceride absorption
rather than a decrease in triglyceride metabolism.
Additionally, the faecal lipid contents from the Ogt-VKO mice signifi-
cantly decreased and the RQ significantly decreased from the dawn to
the early light period compared with the control mice. These results
suggest that the Ogt-VKO mice might switch to utilize more lipid than
glucose for energy sources. By contrast, the RQ was elevated from the
late light phase without fluctuation in locomotive activities in the Ogt-
VKO mice. We considered that the Ogt-VKO mice retained energy by
constant food consumption, lower activity in the late dark phase and
consistent lower energy expendituredresulting in behavioural
changesdbecause their carbohydrate absorption from the intestine
was diminished. Also, the body-weight comparable Ogt-iVKO mice just
after their tamoxifen induction showed similar metabolic changes to
the Ogt-VKO mice (SFigure 7AeG, I). Moreover, our data indicated that
average EE values were not correlated with respective body weight
(Figure 4H, SFigure 7H), suggesting that the genetic manipulation was
the driving differences in EE. Therefore, we speculate that it is not
being underweight but a lack of O-GlcNAcylation in the intestine that
can contribute to those metabolic changes.
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A previous report indicated that decreased O-GlcNAcylation in the in-
testine induced inflammation in the lower small intestine and colon
[28] and was often accompanied by nutritional malabsorption. How-
ever, our study showed that the Ogt-VKO mice did not present severe
inflammation in the upper small intestine at the time of our experi-
ments. We presume that this discrepancy may be because we focused
on a different part of the small intestine. The gut bacterial flora is
related to enteritis or gut inflammation. As reported previously, a
mouse model of the inflammatory bowel disease exhibited different
susceptibility of T cell-induced colitis by relocation of the experimental
facilities [29]. It is also possible that environmental factors influence
the gut bacterial flora, resulting in the different results. In our pre-
liminary study, older (approximately 20-week-old) Ogt-VKO mice
indeed tended to show the shortening of villus length, which may be
related to enteritis. However, we consider this intestinal change as
secondary to non-absorbed glucose retention in the intestine by
diminished SGLT1 expression, as reported in SGLT1-deficient human
and mice subjects [8,30].
SGLT1 is involved in glucose absorption by the intestinal absorptive
epithelial cells, and it regulates glucose-dependent incretin secretion
from enteroendocrine cells such as GLP-1-secreting L cells and GIP-
secreting K cells [10]. In the Ogt-VKO mice, incretin secretion was
increased during fasting, as previously shown [31]. By contrast,
glucose-dependent GLP-1 secretion was significantly suppressed in
the Ogt-VKO mice, similarly to the Sglt1-knockout mice. Incretin
secretion is regulated not only by glucose but also by lipid absorption.
In our study, oil-dependent GLP-1 secretion was intact and tended to
increase after oral olive oil loading, similarly to the Sglt1-knockout
mice [10]. The number of L cells showed a slight increase, without
significance, while Gcg expression showed a slight decrease; thus, we
consider that fasting GLP-1 secretion might be higher due to the
increased L cell number in the intestine as previously reported.
The Sglt1-knockout mice exhibited lower glucose-induced GIP
secretion but comparable oil-induced GIP secretion to the wild-type
mice [10], while the Ogt-iVKO mice exhibited similar glucose-
induced GIP secretion but enhanced oil-induced GIP secretion
compared with the control. It was previously shown that glucose-
induced GIP secretion in non-diabetic states is mainly dependent on
SGLT1, whereas in the diabetic state, SGLT1 as well as KATP channels
are involved in GIP secretion [21]. We assume that compensatory
mechanisms such as enhanced KATP channel-dependent pathway
might be involved in the lack of change in glucose-induced GIP
secretion in the Ogt-VKO mice.
Next, we confirmed that O-GlcNAcylation directly induced Sglt1 gene
expression in STC-1 cells. One possible mechanism is that O-GlcNA-
cylation is directly related to the mRNA stability of Sglt1. Previous
reports have shown that the cAMP-induced expression of human
antigen R (HuR) is involved in stabilisation of SGLT1 mRNA [32,33].
Indeed, H89, a PKA inhibitor, diminished the Sglt1 gene expression,
which was increased by activated O-GlcNAcylation in STC-1 cells. We
speculated that O-GlcNAcylation partly regulated the stability of Sglt1
mRNA through cAMP. Another possible mechanism is that O-GlcNA-
cylation regulates Sglt1 transcription. Earlier research demonstrated
that inhibition of CREB signalling by a compound reduced SGLT1 gene
expression in vivo and in vitro [34], and another previous study
demonstrated that downregulation of O-GlcNAcylation caused de-
creases in the phosphorylation of CREB at Ser133 [35]. Our study
showed that phosphorylation of CREB was markedly reduced in the
Ogt-VKO mice, suggesting that O-GlcNAcylation might regulate Sglt1
transcription through the cAMP-CREB pathway. Other than CREB, we
observed the expression of Sp-1 and HNF1 alpha, which were known
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to increase Sglt1 transcription [36,37] and to be O-GlcNAcylated
[38,39]. Sp-1 and HNF1 alpha protein expression inversely increased
in the Ogt-VKO mice. By contrast, the nuclear localization of these
transcriptional factors was comparable among the Ogt-VKO and the
control, so we consider that these transcriptional factors did not
contribute to Sglt1 downregulation in the Ogt-VKO mice.
SGLT1 is predominantly expressed in the intestine, but it is also
expressed in the proximal tubules of the kidney, where it is involved in
glucose reabsorption. Our results showed that both O-GlcNAcylation and
Sglt1 gene expression were decreased in the kidney as well as in in-
testinal epithelial cells, suggesting that O-GlcNAcylation is crucial and
regulates Sglt1 gene expression in a manner that is not tissue specific.
The current study has several limitations. First, we did not demonstrate
the relevance of intestinal O-GlcNAcylation to metabolic disorders such
as obesity and diabetes. Previous studies have indicated that sugar
absorption is boosted through the increment of SGLT1 expression in
diabetes which aggravates hyperglycaemia [13e17]. Second, we did
not elucidate how lipid absorption and metabolism were enhanced to
compensate for the decreased glucose absorption in the Ogt-VKO
mice. Third, we did not identify the O-GlcNAcylated protein(s) involved
and how these proteins regulate the SGLT1 gene expression. Addi-
tional studies are required to elucidate the mechanisms involved in the
direct relationship between O-GlcNAcylation and SGLT1 gene
regulation.
Collectively, suppression of O-GlcNAcylation in the intestine reduced
glucose absorption and inhibited SGLT1 expression. Controlling O-
GlcNAcylation in the intestine may lead to new treatments for ab-
sorption disorders, obesity and diabetes.
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