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Abstract Abnormal modification of proteins by O-linked
N-acetylglucosamine (O-GlcNAc) is known to be associated
with the pathology induced by hyperglycemia. However, the
dynamic mechanism of O-GlcNAc modification under hy-
perglycemic conditions in vivo has not been fully character-
ized. To understand the mechanism, we established an ani-
mal model in which the glycemic status is controlled by the
diet. A mutant mouse (ob/ob) which exhibits diet-induced
hyperglycemia when fed a regular chow (chow) was used to
establish this model; the mice were fed a very low carbohy-
drate ketogenic diet (KD) to improve hyperglycemia. Using
this model, we evaluated the levels of O-GlcNAc-modified
proteins in tissues under a hyperglycemic or its improved
condition. ELISA and Western blot analyses revealed that
altered expression of certain proteins modified byO-GlcNAc
were found in the mice tissues, although global O-GlcNAc
levels in the tissues remained unaltered by improvement of
hyperglycemia. We also found the Akt protein kinase was
modified by O-GlcNAc in the liver of ob/ob mice, and the
modification levels were decreased by improvement of hy-
perglycemia. Furthermore, aberrant phosphorylation of Akt
was found in the liver of ob/ob mice under hyperglycemic
condition. In conclusion, our established mouse model is
useful for evaluating the dynamics of O-GlcNAc-modified
proteins in tissues associated with glycemic status. This
study revealed that the expression level of certain proteins

modified by O-GlcNAc is altered when KD improves the
hyperglycemia. These proteins could be prospective indexes
for nutritional therapy for hyperglycemia-associated dis-
eases, such as diabetes mellitus.

Keywords Diabetes mellitus . Hyperglycemia . Ketogenic
diet . Obese mice .O-GlcNAc .O-GlcNAcase .O-GlcNAc
transferase

Introduction

The O-linked N-acetylglucosamine (O-GlcNAc) modifica-
tion on proteins is a posttranslational modification, occurring
on cytoplasmic and nuclear proteins in which a single O-
linked N-acetylglucosamine residue attaches to serine or
threonine moieties [1]. There are two key enzymes catalyz-
ing O-GlcNAc modification: O-GlcNAc transferase (OGT)
and O-GlcNAcase (OGA). OGT transfers GlcNAc from
UDP-GlcNAc to a protein, and OGA removes the GlcNAc
residue from that protein [2, 3]. This reversible modification
regulates a variety of cellular processes, such as transcrip-
tion, signal transduction, protein trafficking and turnover [4,
5]. O-GlcNAc modification and phosphorylation of serine
and threonine moieties are considered to be linked and play
an important role in cellular processes.

Recent reports revealed that abnormal O-GlcNAc modifi-
cation of proteins is associated with several pathologies
exhibiting hyperglycemia, a typical disease of which is diabe-
tes mellitus [6]. Numerous studies have addressed the role of
proteins modified byO-GlcNAc on the molecular basis of the
pathology of diabetes mellitus, including insulin resistance
[6–8] and glucose intolerance [6, 9]. For example, the O-
GlcNAc modification affects phosphorylation status of Akt
protein kinase that is related to insulin signaling. EnhancedO-
GlcNAc modification of Akt induced by chemical treatment
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or overexpression of OGT decrease phosphorylation level of
Akt at Thr 308 that is necessary for the activation of insulin
signaling pathway [8, 10].

UDP-GlcNAc, the donor of O-GlcNAc, is synthesized
from glucose in the cell via the hexosamine biosynthetic
pathway (HBP) [6]. Thus, a hyperglycemic condition is
expected to influence the levels of O-GlcNAc modification
of intracellular proteins. However, neither intracellular
levels of glucose nor the kinetics of catabolic enzymes for
O-GlcNAc are simply reflected in the levels of proteins
modified by O-GlcNAc. These levels are intricately regu-
lated under various cellular processes that include the al-
tered expression of OGT and OGA [11–15]. Therefore, the
molecular dynamics of O-GlcNAc modification and its
modified proteins under physiological conditions remains
elusive.

Several animal models whose glycemic status controlled
surgically [16] or pharmacologically [16–18] have been used
to evaluate the molecular dynamics of the O-GlcNAc mod-
ification in vivo. Type 1 diabetic rodent models are frequent-
ly used for the purpose of this evaluation, however, diabetes
is induced by Streptozotocin injection which has an inhibi-
tory effect on the cleavage of O-GlcNAc from proteins,
leading to the accumulation of O-GlcNAc proteins in cells
without hyperglycemia [19, 20]. To understand the molecu-
lar dynamics of the O-GlcNAc modification and its patho-
logical role, it is necessary to establish an animal model that
closely reflects the physiological conditions and lifestyle of
hyperglycemic patients.

We have recently reported an animal model of which the
glycemic status is controlled by diets [21]. An obese mutant
mouse strain B6.V-Lepob/J (ob/ob) that exhibits diet-induced
hyperglycemia [22] was used to develop the model. The
ob/obmouse exhibits hyperphagia with development of obe-
sity, steatosis, hyperinsulinemia and hyperglycemia after
being fed a diet of regular chow (chow). We determined an
optimal condition to improve the hyperglycemic phenotype
of ob/ob mice by feeding a very low carbohydrate ketogenic
diet (KD). KD is theoretically a nutritionally balanced diet,
composed of high fat, adequate protein and low carbohydrate
[21, 23]. The KD mimics glucose starvation in the body,
leading to production of ketone bodies from fat, which
supplies energy to peripheral tissues [21, 23, 24]. By using
this model, we revealed the KD feeding could improve
hyperglycemia, hyperinsulinemia and hepatic steatosis in
ob/ob mice [21].

In this report, we describe the molecular dynamics of
the O-GlcNAc-modified proteins in the mice model.
Evaluation of the expression levels of O-GlcNAc-modi-
fied proteins, its catabolic enzymes, and phosphorylation
status of Akt in mice tissues revealed the molecular dy-
namics of protein O-GlcNAc modification in tissues un-
der hyperglycemia.

Materials and methods

Animals and dietary studies

All mice used in this study were female wild-type and ob/ob
mutant mice of the inbred strain C57BL/6 (Charles River
Laboratories Japan, Yokohama, Japan). Mice were maintained
with a 12 h-light/dark cycle in a temperature-controlled envi-
ronment (21 °C±2 °C). CE-2 (CLEA Japan, Tokyo, Japan)
and F3666 (Bio-Serv, Frenchtown, NJ) were used as regular
chow and KD, respectively. The components of these diets are
described in Table 1. Five-week-old ob/obmice were raised on
either chow or KD until 12 weeks old. Wild-type mice raised
on chow and the same experimental conditions were used as a
reference. During this period, body weight and blood glucose
levels were monitored at the same time (3:00 p.m.) once a
week. The Committee for Experiments involving Animals of
the National Institute of Advanced Industrial Science and
Technology (AIST) approved all animal experiments.

Blood chemical analysis

Blood glucose levels were examined using venous blood col-
lected from the tail vain and the ACCU-CHEK™ Aviva meter
system (Roche, Penzberg, Germany). Serum insulin levels were
measured with the Mouse Insulin ELISA Kit High Range
Speedy (Morinaga Institute of Biological Science, Yokohama,
Japan).

Preparation of protein extracts

Proteins were extracted from each isolated tissue (80 mg in
weight) into 0.4 ml of 20 mM HEPES/0.25 M sucrose buffer
(pH 7.5) supplemented with 0.1 mM phenylmethylsulfonyl
fluoride, a proteinase inhibitor cocktail (Complete mini

Table 1 Composition of the experimental dietsa

Ingredient CE-2 KD

Content profile (%)

Carbohydrate 50.0 3.2

Fat 4.8 78.8

Protein 25.1 8.4

Fiber 4.2 5.0

Ash 6.7 3.8

Moisture 9.3 <5.0

Caloric profile (Kcal/g)

Carbohydrate 2.00 0.13

Fat 0.43 7.09

Protein 1.00 0.33

Total 3.43 7.55

a The profiles of principle contents in the experimental diets are shown
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EDTA-free™; Roche) and 2 μM of an OGA inhibitor O-
(2-acetamido-2-deoxy-D-glucopyranosylidene)amino N-
phenylcarbamate (PugNAc; Toronto Research Chemicals,
North York, ON) using a disposable homogenizer (Biomasher
II; Nippi, Tokyo, Japan). After centrifugation of the homoge-
nates at 800 × g for 15 min at 4 °C, the supernatants were
filtered using an Ultrafree-MC (0.45 μm) centrifugal device
(Millipore, Billerica, MA) at 13,000 × g for 3 min at 4 °C. The
filtrates were used as protein samples in subsequent experi-
ments. The concentration of protein in the sample was deter-
mined using the Bio-Rad Protein Assay (Bio-Rad Laboratories,
Hercules, CA).

Enzyme-linked immunosorbent assay (ELISA)

50 μl of protein extracts (final concentration 20 μg/ml) were
applied onto a 96-well microtiter plate (Nunc MaxiSorp F96;
Thermo Fisher Scientific, Waltham, MA), and incubated over-
night at 4 °C.After washing twicewith phosphate buffered saline
(PBS), 50 μl of blocking buffer (1 % bovine serum albumin in
PBS) were added into each well and incubated for 15 min at
room temperature, followed by the addition of primary antibod-
ies into the wells at an appropriate dilution ratio. After 3 h
incubation at room temperature, wells were washed three times
with 0.1%Tween-20 in PBS (PBST) before PBST-dilutedHRP-
linked secondary antibody was added. A HRP substrate (1-Step
Ultra TMB-ELISA Substrate; Thermo Fisher Scientific) was
used to detect antibody binding, and the results were measured
as absorbance at 450 nm. Wells without the primary antibody
reaction were used to monitor background absorbance caused
by non-specific binding of secondary antibody. Primary anti-
bodies used were: anti-O-GlcNAc (CTD110.6; Sigma-Aldrich,
St. Louis, MO), anti-OGT (SAB2500715; Sigma-Aldrich),
anti-OGA (EPR7154B; Epitomics, Burlingame, CA) and anti-
actin (C4; BD Biosciences, Franklin Lakes, NJ). The range of
linearity and detection limit of the ELISA were determined
using a protein extract of human umbilical vein endothelial
cells in which the O-GlcNAc protein excessively accumulated
after treatment of 50 μM PugNAc for 16 h.

SDS-PAGE and Western blotting

Protein extracts containing 2 μg (fat tissue) or 5 μg (other
tissues) of total protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using
a polyacrylamide gel (SuperSep™ 5–20 % Gel; Wako
chemicals, Osaka, Japan); the gel was stained with Coomassie
Brilliant Blue (CBB) or used in Western blotting. For Western
blotting, the proteins in the gel were transferred onto Immobilon-
P PVDF membranes (Millipore) by electroblotting at a constant
current of 90 mA for 1 h. After blotting, the membrane was
incubated with primary antibody, and then sequentially incubat-
ed with HPR-linked secondary antibody. Antibody binding was

detected using ECL Plus Western Blotting Detection Reagents
(GE Healthcare UK Ltd., Amersham, UK) and an image
analyzer: ATTO Light-Capture (ATTO, Tokyo, Japan). Primary
antibodies used were: anti-O-GlcNAc (CTD110.6 or RL2;
Thermo Fisher Scientific), anti-OGT (SAB2500715), anti-
OGA (EPR7154B), anti-Akt (#9272; Cell Signaling
Technology, Danvers, MA), anti-phospho-Akt-Ser 473 (#9271;
Cell Signaling Technology) and anti-phospho-Akt-Thr
308 (#9275; Cell Signaling Technology).

Immunoprecipitation

Protein extracts containing 2 mg of total protein were incu-
bated with 8 μg of primary antibody at 4 °C overnight, and
then incubated with 20 μl of 50 % Protein A Sepharose bead
slurry (GE Healthcare, Piscataway, NJ) at 4 °C for 3 h. The
samples were centrifuged at 14,000 × g for 1 min at 4 °C, and
the precipitates (beads) were washed five times with 0.5 ml
of Wash Buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1 % Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM
Na3VO4, 1 μg/ml Leupeptin, 1 mM phenylmethylsulfonyl
fluoride, 50 μM PugNAc), and were finally resuspended in
20 μl of SDS-PAGE sample buffer (Wako chemicals). The
precipitated proteins were used for Western blot analysis. For
the immunoprecipitation, anti-Akt antibody (Cell Signaling
Technology) was used as primary antibody. For the blot
analysis of immunoprecipitates, the anti-Akt antibody (Cell
Signaling Technology) and anti-O-GlcNAc antibody (RL2)
were used.

Statistical analysis

Statistical significance was determined using Student’s t-test,
taking the case of *P<0.05, **P<0.01, ***P<0.001 as
statistically significance.

Results

Effect of KD feeding on glycemic status, body weight
and serum insulin levels in the established animal model

An obese mutant mouse with the C57BL/6 genetic back-
ground (ob/ob) is rapidly exhibits a hyperglycemic pheno-
type after weaning, although the phenotype subsides around
14 weeks of age [22]. We have recently developed an animal
model that the hyperglycemic phenotype of ob/ob mice is
improved by feeding of KD [21]. Five-week-old mice were
used in this experiment and were fed by chow or KD until
12 weeks old. In the model, the chronic hyperglycemic
phenotype of ob/obmice is improved by feeding KD through
the experimental period.
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First, we confirmed the hyperglycemic phenotype of the
ob/ob mice when fed a regular chow (CE-2). The profiles of
principle contents of CE-2 are shown in Table 1. We con-
firmed that chow-fed ob/ob mice continuously exhibited
high levels of blood glucose from 5 to 12 weeks of age in
this experiment (Supplemental Fig. S1a). The average blood
glucose level during the experimental period of chow-fed
ob/ob mice was 194.6 mg/dl. Constitutive hyperphagia with
development of obesity, which is a major phenotype of
chow-fed ob/ob mice, was associated with the hyperglyce-
mic phenotype. Next, we confirmed whether KD would
improve the chronic hyperglycemic phenotype. The profiles
of principle contents of KD are shown in Table 1. While
feeding KD, ob/ob mice exhibited lower blood glucose
levels than those of chow-fed ob/ob mice (Supplemental
Fig. S1a). The average blood glucose level during the exper-
imental period of KD-fed ob/ob mice was 103.6 mg/dl. The
levels of blood glucose in chow-fed wild-type mice
(c57BL/6), under the same experimental conditions was
142.4 mg/dl (data not shown), thus, the levels in KD-fed ob/ob
mice were lower than in chow-fed wild-type mice. However,
the KD-fed ob/obmice grew upwithout apparent abnormalities
during the experimental period. They exhibited an obese phe-
notype at the same time as chow-fed ob/obmice (Supplemental
Fig. S1b), and there were no differences in the calorific intake
(kcal/day) between both groups (data not shown). The KD-fed
ob/ob mice also exhibited lower blood levels of insulin com-
pared to chow-fed ob/ob mice (Supplemental Fig. S1c). Other
details of the KD effects including biochemical parameters
in serum and pathology of tissues were published else-
where [21]. We isolated tissue samples from both chow-
and KD-fed ob/ob mice at the endpoint of the feeding
experiment (12 weeks of age) for use in the experiments
described below.

Analysis of protein O-GlcNAc modification by ELISA

A monoclonal antibody (CTD110.6) which specifically rec-
ognizes the β-O-linkage of GlcNAc to both serine and
threonine [25] was used in this analysis. We preliminarily
examined the detection range of the ELISA (Fig. 1a) using
cell extracts in which O-GlcNAc-modified proteins accumu-
lated after treatment with a potent inhibitor for OGA, de-
scribed in Materials and methods. The result indicated that
the ELISA reaction showed linearity in coated wells with
protein extracts in the range of 0.5 to 20 μg/ml. Because the
expression levels of O-GlcNAc-modified proteins in the
tissue extracts were expected to be lower than in the cell
extracts, which were treated with OGA inhibitor, we
performed the following ELISA analysis using protein ex-
tracts at the maximum concentration determined (20 μg/ml).
We also used ELISA to determine the relative content of
actin in each protein extract (Fig. 1c): the determined levels

were used as an internal control for normalization of ELISA
analysis (Figs. 1b and 2a, b).

We found that O-GlcNAc levels in each protein extract
differed according to the tissue extract examined (Fig. 1b):
O-GlcNAc was detected at a high level in liver and pancreas,
at a moderate level in kidney and levels were relatively low
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Fig. 1 ELISA analysis of O-GlcNAc-modified proteins in tissues from
established mice. a Reactivity of anti-O-GlcNAc monoclonal antibody
(CTD110.6) to determine the concentration of O-GlcNAc-modified pro-
teins in cellular extracts. A cellular protein extract in which O-GlcNAc-
modified proteins accumulated with treatment of an OGA inhibitor
(PugNAc) was used in this assay. The extract was coated onto each well
of a 96-well microtiter plate at the indicated protein concentrations
(horizontal axis). The reactivity of anti-O-GlcNAc monoclonal antibody
(CTD110.6) to the coated wells was measured by ELISA, and the results
(absorbance at 450 nm) are as indicated (A450). The data is displayed as a
double logarithmic graph. The regression line and the correlation coeffi-
cient (R2) are indicated in the graph. The globalO-GlcNAc levels (b) and
relative content of actin (A450) (c) in protein extracts of individual tissues
determined by ELISA. These globalO-GlcNAc levels in each tissue were
normalized with respect to the relative content of actin in each protein
extract and the relative levels (O-GlcNAc/Actin) were determined. Closed
bars; chow-fed ob/ob mice, open bars; KD-fed ob/ob mice. 1, liver; 2,
kidney; 3, pancreas; 4, skeletal muscle; 5, fat tissue. Error bars: mean ±
S.D., n=9 (liver, kidney, pancreas) or 5 (skeletal muscle, fat tissue) from
two independent experiments
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in skeletal muscle and fat tissue (intra-abdominal fat). We
then examined the correlation between blood glucose and O-
GlcNAc levels in these tissues by comparing chow- or KD-
fed ob/ob mice groups: no significant differences were
determined.

ELISA and Western blot analysis of OGT and OGA

Next, we analyzed the relative contents of OGT and OGA in
these tissues of the established mouse model using ELISA
(Fig. 2a, b). It is reported that OGT and OGA are not only
the key enzymes for biosynthesis of O-GlcNAc [2, 3] but also
the substrates for O-GlcNAc modification [26, 27]. We found
significant differences in these relative contents in the liver and
fat tissue between the chow- and KD-fed ob/obmice groups; in
ob/ob mice, KD feeding decreased the expression levels of
OGT in liver (Fig. 2a) and OGA in fat tissue (Fig. 2b).

We further analyzed the isoform variation of OGTand OGA
in these tissues by Western blotting (Fig. 2c, d). The Western
blot analysis of OGT in liver revealed that twomajor isoforms of
OGT were detected in the ob/ob mice liver (Fig. 2c). The
isoform detected in the high molecular weight is known as
nucleocytoplasmic OGT (ncOGT), and the other is known as
shortest form of OGT (sOGT) [28, 29]. The result indicated that
only sOGTwas markedly decreased in the KD-fed ob/ob mice
liver. Previous studies reveal that OGA has two isoforms, cyto-
solic full-length form (OGA-FL) and nuclear variant (OGA-

NV) [29, 30]. The OGA-FL is also known to be detected as
double bands in rat brain [29]. In the fat tissue, OGA was
predominantly detected as OGA-FL single band, and other
isoforms were hardly detected (Fig. 2d).

Western blot analysis of O-GlcNAc-modified proteins
in the liver of ob/ob mice

The expression levels of O-GlcNAc-modified proteins in the
liver was further analyzed by Western blotting after SDS-
PAGE, and we compared the results between chow- and
KD-fed ob/ob mice. First, we analyzed the protein extracts
by SDS-PAGE combinedwith CBB staining and revealed that
altered expressions of protein bands were observed in the liver
of KD-fed ob/obmice (Fig. 3a). Although the protein bands in
the chow-fed ob/obmice group were almost similar in expres-
sion intensity to those in the KD-fed ob/ob mice group, the
intensity of several bands, especially band highlighted with
arrowhead, is decreased in KD-fed ob/ob mice group. This
result indicates that KD feeding alters the expression levels of
a part of proteins in ob/ob mice.

Next we used CTD110.6 antibody and detected six protein
bands at a high intensity in the liver of chow-fed group
(Fig. 3b; arrows I–VI). Of the six intense bands of proteins,
the band highlighted with arrow II and VI, in Fig. 3b, were
detected at reduced levels in the KD-fed group. Image analysis
revealed that the intensity of band II and VI in the KD-fed

Fig. 2 ELISA and Western blot analysis of OGT and OGA in tissues
from established mice. The OGT (a) and OGA (b) levels in protein
extracts of individual tissues from chow-fed (closed bars) or KD-fed
(open bars) ob/ob mice determined by ELISA. These levels in each
tissue were normalized with respect to the relative content of actin in
each protein extract and the relative levels (OGT/Actin, OGA/Actin)
were determined. 1, liver; 2, kidney; 3, pancreas; 4, skeletal muscle; 5,
fat tissue. Error bars: mean ± S.D., n=9 (liver, kidney, pancreas) or 5

(skeletal muscle, fat tissue) from two independent experiments. *P<
0.05, chow-fed ob/obmice vs. KD-fed ob/obmice. c, d Pooled samples
of individual liver (c) and fat (d) extracts of chow-fed (chow) and KD-
fed ob/ob mice (KD) were separated by SDS-PAGE, and were
immunoblotted with anti-OGT antibody (c) or anti-OGA antibody (d)
respectively. ncOGT; nucleocytoplasmic OGT, sOGT; shortest form of
OGT, OGA-FL; cytosolic full-length form of OGA, OGA-NV; nuclear
variant of OGA
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group was significantly lower (II, P<0.001; VI, P<0.01) than
that in the chow-fed group (Fig. 3c). Other bands showed no
significant difference between the two groups (Fig. 3b, arrows
I, III–V). Such reduced level ofO-GlcNAc protein in the liver
was also detected by the other anti-O-GlcNAc antibody (RL2)
whose specificity is different from CTD110.6 antibody [31,
32]. The Western blot analysis of liver extracts using RL2

antibody showed a different detection pattern to the pattern
using CTD110.6 antibody (Supplemental Fig. S2a). The RL2
antibody detected some intense bands, and we found that the
expression level of one of them was significantly lower in
KD-fed group than chow-fed group (Fig. S2b).

We also analyzed the expression patterns of O-GlcNAc-
modified proteins in kidney, pancreas, skeletal muscle, and
fat tissue of ob/ob mice (Supplemental Figs. S3, S4), and
found several bands which alter the expression levels by KD
feeding. The analysis was performed with CTD 110.6 anti-
body. In pancreas and skeletal muscle, we found two protein
bands (Fig. S3e, arrow IV; Fig. S4b, arrow IV) that the
expression levels are decreased by KD feeding (p<0.05).
In contrast, we found two bands that are increased in kidney
(Fig. S3b, arrow IV) and fat tissue (Fig. S4e, arrow III) by
KD feeding (p<0.05).

Western blot analysis of O-GlcNAc-modified Akt proteins
in the liver of ob/ob mice

Because of the drastic decrease of serum insulin of the KD-
fed ob/ob mice, (Supplemental Fig. 1c,), it was considered
that the KD feeding has some effect on insulin signaling.
Specifically, we investigated a phosphorylation status of Akt
protein kinase in the liver of both chow-fed and KD-fed
ob/ob mice by Western blotting. It is known that phosphor-
ylation level of Akt at Ser 473 and Thr 308 are enhanced by
insulin stimulation and required for the activation of insulin
signaling pathway in the cell [33]. As expected, the phos-
phorylation level of Akt at Ser 473 in chow-fed ob/ob mice
was significantly higher than that of KD-fed ob/ob mice
(Fig. 4b, d) due to the high level of serum insulin.
However, there was no difference in the levels of phosphor-
ylation of Akt at Thr 308 between two groups (Fig. 4b, c).
The result indicates that the enhancement of Thr 308 phos-
phorylation of Akt by high serum insulin is disturbed in the
liver of chow-fed ob/ob mice. Because the Akt Thr 308
phosphorylation is known to be attenuated by O-GlcNAc
modification of Akt protein [8, 10, 34], we investigated the
O-GlcNAc modification of Akt protein in the both of ob/ob
mice group. We conducted Western blotting for the O-
GlcNAc-modified protein which is immunoprecipitated by
anti-Akt antibody. RL2 antibody was used in this assay
because the O-GlcNAc-modified Akt was not detected by
the CTD110.6 antibody. As a result, the Akt protein in chow-
fed ob/ob mice is modified by O-GlcNAc, and the modifi-
cation level is decreased by KD feeding (Fig. 4a).

Discussion

We have recently reported a mouse model in which the gly-
cemic status is controlled by feeding a regular or a low

Fig. 3 Western blot analysis of O-GlcNAc-modified proteins in liver.
Individual liver extracts of chow-fed (lanes 2–6) and KD-fed ob/ob
mice (lanes 7–11) were separated by SDS-PAGE, and stained with CBB
(a) or analyzed by Western blotting (b). Liver extract from a chow-fed
wild-type mouse (lane 1) was loaded as a reference. The arrowhead in
(a) highlighted a protein band in which different expression was ob-
served between chow and KD-fed ob/ob mice. Arrows (I–VI) in (b)
were highlighted major protein bands detected by anti-O-GlcNAc anti-
body. The band highlighted by arrow x is immunoglobulin-μ chain
which was detected as background by the secondary antibody reaction.
The lower panel in (b) indicated the result of Western blotting of actin
contents in the extracts. c The intensities of major bands detected by
Western blotting (arrows in b, I–VI) were analyzed using an image
analyzer and are represented as relative intensity. Error bars: mean ±
S.E., n=9 from two independent experiments. **P<0.01, ***P<0.001
chow-fed ob/ob mice vs. KD-fed ob/ob mice
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carbohydrate ketogenic diet [21]. Because it is known that
ob/ob mutant mice with the C57BL/6 genetic background
exhibit a marked hyperglycemic phenotype in their juvenile
stage [22], we focused on this phenotype and succeeded in
developing the above animal model. Because the KD feeding
could restrict the intake of glucose by diet, the hyperglycemia
of ob/ob mice, which is initiated by hyperphagia, is improved
by KD feeding. The improvement of hyperglycemia also re-
duces insulin secretion of pancreatic beta cells, and result
in the improvement of hyperinsulinemia of ob/ob mice
(Supplemental Fig. S1c). Using regular chow (CE-2) feeding,
hyperglycemia was confirmed in the ob/ob mice, and the
average level of blood glucose during the experimental period
(5 to 12 weeks old) was 194.6 mg/dl. KD feeding improved
the hyperglycemic phenotype of ob/obmice: the average level
of blood glucose was 103.6 mg/dl. The glycemic status of
each group was maintained during the experimental period
(Supplemental Fig. S1a), indicating the phenotype was devel-
oped chronically. Because the level of blood glucose in the
chow-fed wild type mice was 142.4 mg/dl (data not shown),
the levels in chow- or KD-fed ob/obmicewere obviously high
or low, respectively, compared with wild-type mice. The
levels of blood glucose in chow- or KD-fed ob/ob mice were

nearly identical to the levels in type 2 diabetes patients and
normal subjects, respectively [15].

Some reports indicate that hyperglycemia is affected to
the expression levels of O-GlcNAc-modified proteins that
are associated with the pathologies of diabetes such as insu-
lin resistance [6–8]. In this study, we examined the relation-
ship between hyperglycemia and the protein O-GlcNAc
modification by using the established model. The results of
ELISA analysis revealed that the global O-GlcNAc levels in
tissues of ob/ob mice were strictly maintained at a constant
level (Fig. 1b), in spite of hyperglycemia or its improved
condition. However, we also found the altered expression of
certain O-GlcNAc-modified protein bands in the tissue ly-
sates of KD-fed ob/ob mice using Western blot analysis
(Figs. 3, S2, S3, S4). These results agree with a recent study
which analyzed the erythrocyte proteins from diabetic and
normal individuals [35]. This study disclosed that among the
many erythrocyte proteins modified by O-GlcNAc, only O-
GlcNAc modification of certain erythrocyte proteins reflected
the glycemic status of individuals. The observation supports
our conclusion that the dynamics of O-GlcNAc modification
found in our established mouse model is due to changes in
their glycemic status.
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Fig. 4 Immunoprecipitation analysis of O-GlcNAc modification of the
Akt protein kinase in liver. a Pooled samples of individual liver extracts of
chow-fed (chow) and KD-fed (KD) ob/obmice were immunoprecipitated
with anti-Akt antibody, and the precipitated proteins were immunoblotted
with anti-O-GlcNAc antibody (upper panel) or anti-Akt antibody (lower
panel). b Individual liver extracts of chow-fed (lanes 2–6) and KD-fed
ob/ob mice (lanes 7–11) were separated by SDS-PAGE, and were
immunoblotted with anti-Phospho-Akt-Thr 308 antibody (upper panel),

anti-Phospho-Akt-Ser 473 antibody (middle panel) and anti-Akt antibody
(lower panel), respectively. The intensities of phosphorylated bands of
Thr 308 (c) and Ser 473 (d) of chow-fed (chow) and KD-fed ob/ob (KD)
mice were analyzed using an image analyzer, and were first normalized
with respect to the intensity of the band of chow-fed wild-type mice (b,
lane 1), and then the relative levels (p-Akt/Akt) were determined. Error
bars: mean ± S.D., n=5. *P<0.05 chow-fed ob/obmice vs.KD-fed ob/ob
mice
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Although the regulatory mechanism of altered expression
of the O-GlcNAc-modified protein observed in the KD-fed
ob/ob mice remains unclear, this study provided valuable
information about the mechanism. In the liver, a decreased
expression of OGT, especially sOGT isoform, was found in
the ob/ob mice after being fed KD (Fig. 2c). Previous report
shows that sOGT retains a potentially active catalytic do-
main, but not the ability to glycosylate substrate proteins that
are glycosylated by other OGT isoforms [27]. The substrate
specificity of sOGT might be involved in the altered expres-
sion of certain O-GlcNAc proteins (Fig. 3b, arrow II and VI)
in the KD-fed ob/ob mice. In the fat tissue, we found de-
creased expression of OGA (Fig. 2b) and enhanced expres-
sion of an O-GlcNAc modified protein (Fig. S4e, arrow III)
in the ob/ob mice after being fed KD. Western blot analysis
revealed that a single isoform of OGA (OGA-FL) was pre-
dominantly expressed in the fat tissue (Fig. 2d). Because
isoform variations are not observed, the OGA-FL plays an
important role in the regulation of O-GlcNAc modified pro-
teins in fat tissue. We consider that the alteration of OGA-FL
kinetics to substrate proteins leads to such specific increase
of O-GlcNAc proteins. Protein analysis revealed that im-
provement of hyperglycemia reduces not only the expression
levels of OGT and OGA but also the expression levels of
several proteins in the ob/ob mice tissues (Fig. 3a, S3d, S4d,
arrowheads). The results suggested that the decreased ex-
pression of the O-GlcNAc-modified protein might be partly
due to the decreased expression of its core protein.

In this study, we found a protein modified by O-GlcNAc
that is markedly decreased in the ob/ob mice liver by KD
feeding (Fig. 3b, arrow II). The protein property might be a
prospective index for nutritional therapy for hyperglycemia-
associated diseases. Although we have examined to identify
the O-GlcNAc-modified protein but we failed to identify the
protein substrate. Further investigation using our established
mouse model will help to identify the protein, and clarify the
ability as a marker for hyperglycemia-associated diseases.

Immunoprecipitation analysis revealed that Akt protein
kinase is modified by O-GlcNAc in the liver of ob/ob mice,
and the modification level is decreased by improvement of
hyperglycemia. The O-GlcNAc modification of Akt was
known to be increased by treatment of OGA inhibitor
(PugNAc) or overexpression of OGT [8, 10, 34, 36]. Our
results demonstrated that the modification is also increased
by hyperglycemia in vivo. We also found a disturbance of the
phosphorylation of Akt at Thr 308 in the liver under hyper-
glycemia. It is known that the two phosphorylations (at Ser
473 and Thr 308 of Akt), which are enhanced by insulin
stimulation, are required for the full activation of Akt and
insulin signaling pathway in the cell [33]. Thus, it is consid-
ered reasonable that the phosphorylation level of both Akt
Ser 473 and Akt Thr 308 will be increased in the chow-fed
mice, because of the high serum insulin level in these mice

(Fig. S1c). However, no increase in the phosphorylation
level of Akt Thr 308 of chow-fed mice was observed com-
pared to KD-fed mice, whereas the phosphorylation level of
Ser 473 was significantly higher in chow-fed mice than KD-
fed mice (Fig. 4c, d). Because it has been reported that O-
GlcNAc modification of Akt attenuated the phosphorylation
levels of Akt at Thr 308 but not at Ser 473 [8], the distur-
bance of Akt Thr 308 phosphorylation should be due to the
high level of O-GlcNAc modification on Akt. This pheno-
type might be related to insulin resistance that is observed in
the patients of diabetes mellitus. The phosphorylation andO-
GlcNAc modification of Akt are dynamically regulated at
the phosphoinositide-containing membrane domain in the
cell [8]. Like Akt, OGT has phosphoinositide-binding do-
main, and the domain locates at the C-terminal region of
OGT. Insulin stimulation promotes the phosphoinositide-
mediated interaction of Akt and OGT, and then enhances
the O-GlcNAc modification of Akt. Because sOGT re-
tains the phosphoinositide-binding domain [37] and in-
creases the expression level in chow-fed ob/ob mice
liver, this OGT isoform might promote the O-GlcNAc
modification of Akt under hyperglycemic condition.

Our study also showed that KD feeding improves not only
hyperglycemia but also hyperinsulinemia in the ob/ob mice.
It is reported that activation of insulin signaling pathway in
cells could also enhance the O-GlcNAc modification of Akt
[36]. They showed that the activation of insulin signaling
pathway by insulin-like growth factor 1 (IGF-1) stimulation
induces the simultaneous O-GlcNAc modification and Akt
phosphorylations in neuroblastoma cells. Our result also in-
dicates that improvement of hyperinsulinemia relates to the
reduced level of O-GlcNAc modification of Akt in vivo,
though it remains unclear whether directly or indirectly KD
feeding controls the O-GlcNAc modification of Akt. It is
expected to elucidate the mechanisms how hyperglycemia
promotes the O-GlcNAc modification of Akt in vivo and
utilize KD feeding for the treatment of the pathologies in-
volving O-GlcNAc modified Akt in near future.

In conclusion, the established mouse model is useful in
evaluating the in vivo dynamics of O-GlcNAc modification
that is associated with glycemic status. This study also re-
vealed that global O-GlcNAc levels in tissue proteins were
strictly maintained at a constant level, in spite of their gly-
cemic status, whereas the expression levels of certain O-
GlcNAc-modified proteins responded to the glycemic status.
We propose that the O-GlcNAc-modified proteins that re-
spond to glycemic status will be a prospective index for
nutritional therapy for hyperglycemia-associated diseases.
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