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Background: Levels of cellular protein O-GlcNAc modification increase in response to stress, but mechanism not
understood.
Results: Glucose deprivation and heat shock-induced increase in O-GlcNAcylation are attenuated by CaMKII inhibition.
Conclusion: CaMKII activation plays a key role in regulating the stress-induced increase in O-GlcNAc.
Significance: Understanding the regulation of O-GlcNAcylation is critical in determining its role in cellular stress responses.

The posttranslational modification of nuclear and cytosolic
proteins by O-linked �-N-acetylglucosamine (O-GlcNAc) has
been shown to play an important role in cellular response to
stress. Although increases in O-GlcNAc levels have typically
been thought to be substrate-driven, studies in several trans-
formed cell lines reported that glucose deprivation increased
O-GlcNAc levels by a number of differentmechanisms. Amajor
goal of this study thereforewas to determinewhether in primary
cells, such as neonatal cardiomyocytes, glucose deprivation
increases O-GlcNAc levels and if so by what mechanism.
Glucose deprivation significantly increased cardiomyocyte
O-GlcNAc levels in a time-dependent manner and was associ-
ated with decreased O-GlcNAcase (OGA) but not O-GlcNAc
transferase (OGT) protein. This response was unaffected by
either the addition of pyruvate as an alternative energy source or
by the p38MAPK inhibitor SB203580.However, the response to
glucose deprivation was blocked completely by glucosamine,
but not by inhibition of OGA with 2-acetamido-2-deoxy-D-glu-
copyranosylidene)amino-N-phenylcarbamate. Interestingly, the
CaMKII inhibitor KN93 also significantly reduced the response to
glucose deprivation. Lowering extracellular Ca2� with EGTA or
blocking storeoperatedCa2� entrywithSKF96365alsoattenuated
the glucose deprivation-induced increase inO-GlcNAc. In C2C12
and HEK293 cells both glucose deprivation and heat shock
increased O-GlcNAc levels, and CaMKII inhibitor KN93 attenu-
ated the response to both stresses. These results suggest that
increased intracellular calcium and subsequent activation of
CaMKII play a key role in regulating the stress-induced increase in
cellularO-GlcNAc levels.

Accumulating evidence indicates that the posttranslational
modification of nucleocytoplasmic proteins with O-linked

�-N-acetylglucosamine (O-GlcNAc)2 plays an important role
in transcription, translation, nuclear transport, and cytoskeletal
assembly (1, 2). The majority of studies focusing on the role of
O-GlcNAc in regulating cellular function have been in the con-
text of chronic diseases including cancer, age-related diseases,
diabetes, and diabetic complications (3–14). However, in 2004
Zachara et al. (15) demonstrated for the first time that therewas
an acute increase in cellular O-GlcNAc levels in response to a
range of stress stimuli and importantly that inhibition of this
response increased cell death and conversely that augmenting
this response increased tolerance of cells to stress. Since that
time, a growing number of studies have shown that acute acti-
vation of pathways leading to increased O-GlcNAc levels
affords cardioprotection against ischemia-reperfusion injury in
different biological systems (16–21).
O-GlcNAc transferase (OGT) is responsible for catalyzing

the addition of O-GlcNAc to the hydroxyl group of serine or
threonine residues of target proteins (22), and its activity is
UDP-GlcNAc, which is the sugar nucleotide donor for the syn-
thesis of O-GlcNAc-modified proteins (23). Thus, the rate of
O-GlcNAc synthesis and overall levels of O-GlcNAc protein
modification are tightly dependent on the flux through hexos-
amine biosynthesis pathway (HBP). Indeed, flux through the
HBP andOGT is considered the primary determinant of overall
cellular O-GlcNAc levels, including stress-induced changes in
O-GlcNAcylation. Interestingly, however, a number of studies
have recently reported that glucose deprivation significantly
induced O-GlcNAc modification in Hep2G, Neuro-2a neuro-
blastoma cells, and other cancer cell lines (24–27). Studies in
Hep2G cells demonstrated that the glucose deprivation-in-
duced increase in O-GlcNAc levels was not mediated by
increased HBP flux but rather by up-regulation of OGT and
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down-regulation of OGA (25, 27). In Neuro-2a cells it was
shown that glucose deprivation increased O-GlcNAc levels by
up-regulation of OGT expression in an AMP-activated pro-
tein kinase (AMPK)-dependent manner and also that sub-
strate targeting of OGTwas regulated by p38MAPK (26). On
the other hand Kang et al. (24) reported that glycogen was a
primary substrate for glucose deprivation-induced increase
in O-GlcNAc in various cancer cell lines and that this was
accompanied by increased OGT activity and decreased
O-GlcNAcase activity, which catalyzes the removal of
O-GlcNAc, in the absence of changes in the levels of either
protein.
These studies highlight the fact that our understanding of

the mechanisms regulating the stress-induced increases in
O-GlcNAc levels is surprisingly limited and may be cell type
specific. In light of the growing evidence demonstrating that
alterations in O-GlcNAcylation are involved in regulating a
number of (patho)physiological responses in the heart includ-
ing substrate utilization (28), hypertrophy (29), ischemia/rep-
erfusion injury (16–21), and the adverse effects of diabetes (6,
30) a better understanding of the mechanisms involved in reg-
ulating cardiomyocyte O-GlcNAc levels is needed. Therefore,
the goal of these studies was to determine whether in neonatal
rat ventricular myocytes (NRVMs), glucose-deprivation in-
creases cellularO-GlcNAc levels and, if so, whether this occurs
via a mechanism similar to or different from that previously
reported in transformed cells. We also sought to determine
whether the mechanism underlying the glucose deprivation-
induced increase in O-GlcNAc was similar to that seen in
response to other stress stimuli.
We found that glucose deprivation was a profound stimulus

for increasing O-GlcNAc levels in NRVMs in both a time- and
dose-dependent manner, and this was mediated via Ca2� and
calcium/calmodulin-dependent kinase (CaMKII) but not acti-
vation of p38 MAPK and could be inhibited by low concentra-
tions of glucosamine. Of note, glucose deprivation-induced
increases in O-GlcNAc occurred without alterations in OGT
protein levels but were accompanied by decreased protein lev-
els of O-GlcNAcase, which was independent of transcription.
We also demonstrated that the Ca2� dependence of glucose
deprivation-induced increase in O-GlcNAc was generalizable
both to other cell types and other stress responses such as heat
shock.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—The following antibodies were
used: anti-O-GlcNAc (CTD110.6 antibody, Mary-Ann Accav-
itti, UAB Epitope Recognition and Immunoreagent Core),
anti-O-GlcNAc (clone 9D1.E4(10), Millipore, 05-1245), anti-
OGT (DM-17, Sigma-Aldrich, O-6246), anti-OGA and anti-
GAPDH (Abcam, ab8245), anti-phospho-AMPK� (Thr-172)
and anti-AMPK� (Cell Signaling, 2535 and 2532), anti-
hemoxygenase-1 (HO-1) (Assay Designs, SPA-894F), and
horseradish peroxidase-conjugated anti-mouse IgM (Calbi-
ochem, 401225), anti-mouse IgG (Bio-Rad, 170-6516), and
anti-rabbit IgG (Bio-Rad, 170-6515). D(�)-Glucosamine
hydrochloride was obtained from Fluka. SB203580 was from
Sigma (S8307). Verapamil hydrochloride (V4629) and EGTA

were from Sigma. Compound C (MED, 171260) and NK-93
were from Calbiochem (EMD, 422708). STO-609 was from
Tocris Bioscience (1551). PNGase F was from New England
BioLabs (P0704S). The following cell culture reagentswere used:
Dulbecco’smodified Eagle’smediumwith 1 g/liter glucose (Medi-
ateck, Inc.),Medium199 (Invitrogen),Dulbecco’smodifiedEagle’s
medium, no glucose (Invitrogen), fetal bovine serum (Atlanta Bio-
logicals), and antibiotic-antimycotic (Invitrogen).
Cell Culture—NRVMs were isolated from 2–3-day-old neo-

natal Sprague-Dawley rats and cultured as described previously
(17, 31, 32). A confluent monolayer of spontaneously beating
NRVMs has formed within 1–2 days of isolation, and experi-
ments were performed 3–4 days after isolation.
Cells were treated as described in detail under “Results,” har-

vested with lysis buffer (20 mM HEPES, 1.5 mM MgCl2, 20 mM

KCl, 20% glycerol, 0.2 mM EGTA, 1% Triton X-100, 2 mM

Na3VO4, 10 mM NaF, and 2% protease inhibitor, pH 7.9), and
kept at �80 °C until subsequent analyses. NRVM nuclei were
isolated by a NE-PER Nuclear and Cytoplasmic Extraction
reagents kit (Pierce).
Transcript Analyses—Total RNA samples were extracted

from NRVMs using a RNA extraction kit (Qiagen) according
to the manufacturer’s instructions. Quantitative real-time RT-
PCR analyses were carried out using the Roche LightCycler 480
system (Roche Applied Science) to determine transcript levels
of target genes. Real-time PCR results from each gene/primer
pair were normalized to �-actin and compared across condi-
tions. The OGT primers were: sense, 5� TAACCTTGCCAAC-
ATCAAACGG 3� and antisense, 5� CCCTGAACATCCTGC-
ATCTCCT 3�. OGA primers were: sense, 5� TTTGT-
GCAGTGGTTAGGGTGTCG 3� and antisense 5� CCTTGG-
AGGTAGGAGTCAGTGGG 3�.
Western Blotting—Protein concentrations were determined,

and lysates were reduced by 6� sample loading buffer (0.5 M

Tris-HCl, 10% SDS, 30% glycerol, 0.2% �-mercaptoethanol,
0.012% bromphenol blue), boiled for 5 min, separated by SDS-
PAGE (35 �g of protein/lane), and transferred to Immobilon-P
(Millipore). Immunoblotting was performed using a rapid
immunodetection method for Immobilon-P (Millipore Tech-
nicalNoteTN051). Briefly, themembraneswere equilibrated in
methanol and air-dried. The dry membrane was incubated
in anti-O-GlcNAc antibody CTD110.6 and anti-OGT antibody
in 1% casein/phosphate-buffered saline (PBS), and anti-OGA
antibody in Tris-buffered saline with 0.01% Tween 20 (TBST)
for overnight at 4 °C and then washed three times in PBS or
TBST. Themembranewas then incubatedwith the appropriate
horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature. After further washing in PBS or TBST
the immunoblots were developed with enhanced chemilumi-
nescence (PerkinElmer Life Sciences).
Evaluation of Glucose Deprivation on N-Glycan Modifica-

tion—Cells were treated with PNGase F to hydrolyzeN-glycans
by incubating lysates with 1/15 unit PNGase for 1 h at 37 ºC
based on methods similar to those described previously (33).
Concanavalin A (ConA) was obtained fromGEHealthcare (17-
0450-01). Anti-O-GlcNAc (9D1.E4) was obtained from Milli-
pore (05-1245). For immunoblot assays,membraneswere incu-
bated with anti-O-GlcNAc (CTD110), ConA (500 �g/ml), or
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anti-O-GlcNAc (9D1.E4) in 1% casein/PBS. After overnight
incubation at 4 °Cmembranes were washed three times in PBS.
Themembranewas then incubatedwith the appropriate horse-
radish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. After further washing in PBS the immuno-
blots were developed with enhanced chemiluminescence
(PerkinElmer Life Sciences). Blots were treated overnight with
100 mM NaOH at 60 °C to selectively remove O-glycans by
�-elimination (34, 35).
O-GlcNAcase Assay—O-GlcNAcase activity was deter-

mined, with some modifications, as described previously using
4-methylumbelliferyl GlcNAc as substrate (36, 37). Cell
extracts (25 �l) prepared in isotonic buffer (20 mM Tris-HCl,
pH 7.5, 10% glycerol) were added to 250 �M 4-methylumbel-
liferyl GlcNAc and 50 mM N-acetylgalactosamine in 50 mM

NaH2PO4, 100 mM NaCl, pH 6.4, reaction buffer in a total vol-
ume of 50 �l. Assays were carried out at 37 °C for 30 min, and
the reaction was quenched by the addition of 300 �l of sodium
hydroxide-buffered 0.2 M glycine, pH 10.75. Liberated methyl-
umbelliferone was measured in 96-well dishes using a BioTek
Synergy II plate reader; excitation and absorbance wavelengths
were 360 and 450 nm, respectively. HA-tagged OGA, purified
from bacteria or HEK293 cells on a nickel affinity column, was
used as a positive control for the assay.
Glucose deprivation experiments were performed in tripli-

cate 6-well tissue culture dishes with controls for each time
point. The results as graphed represent three such experiments
depicting the OGA activity in cell lysates of the glucose-de-
prived cells relative to controls.
Statistical Analysis—Data are expressed as mean � S.E. and

compared by one-way ANOVA and Tukey’s test or Student’s t
test as appropriate. Statistically significant differences between
groups were defined as p � 0.05.

RESULTS

Glucose Deprivation Increases O-GlcNAc Levels in a Time-
and Dose-dependent Manner—In Fig. 1A it can be seen that
removal of glucose from NRVMs resulted in a time-dependent
increase inO-GlcNAc levels; this increase was apparent, partic-
ularly in high molecular mass proteins, within 3 h of glucose
deprivation, and overall O-GlcNAc levels were significantly
increased by 6 h and reachedmaximal levels by 12 h. In contrast
to studies in other cell lines we did not observe an initial
decrease inO-GlcNAc levels in response to glucose deprivation
(25, 27). Glucose is a primary energy source for cardiomyocytes;
therefore, glucose deprivation was repeated for 6 h with and
without 1mM and 10mM pyruvate, which is readily oxidized by
cardiomyocytes for energy production. The addition of pyru-
vate had no effect onO-GlcNAc levels either in the presence or
absence of glucose (Fig. 1B), suggesting that the increase in
O-GlcNAc levels was not due to acute energy deprivation.
A recent report suggested that the increase in CTD110.6

immunoreactive bands in response to glucose deprivation was
largely due to cross-reactivity with the attenuatedN-linked gly-
can, chitobiose (Asn-GlcNAc-GlcNAc) (33). This increase in
chitobiose could be due to incomplete synthesis of N-linked
oligosaccharide chains, perhaps the synthesis of N-linked chi-
tobiose without any addition of mannose, or because of exces-

sive trimming of the oligosaccharide core leaving only chito-
biose. Therefore, we assessed the potential contribution of
chitobiose to the increase in CTD110.6 reactivity following glu-
cose deprivation, in several ways. First, we showed that the
anti-O-GlcNAc, clone 9D1.E4(10) fromMillipore, also demon-
strated a marked increase in intensity following glucose depri-
vation (Fig. 1C). Furthermore, treatment of lysates fromC2C12
myocytes following glucose deprivation, with PNGase F to
removeN-glycans as previously described (33), resulted in only
a modest decrease in intensity of CTD110.6 positive staining
(Fig. 1D). To confirm that PNGase F was removing N-glycans,
lysates were treated with and without PNGase F followed by
CTD110.6 immunoblot analysis to assessO-GlcNAc levels and
ConA to assess changes inN-glycosylation. As shown in Fig. 1E,
PNGase Fmarkedly reduced ConA staining in both C2C12 and
HEK293 cell lines in the presence and absence of glucose;
whereas, consistent with the results in Fig. 1D, PNGase F had
little effect onCTD110.6 staining. Interestingly, there appeared
to be a small decrease in ConA staining with glucose depriva-
tion, which would be consistent with the appearance of
N-linked chitobiose as this does not cross-react with ConA due
to the lack ofmannose. Therefore, to evaluate inmore detail the
potential contribution ofN-linked chitobiose to the increase in
CTD110.6 reactivity in our studies, we performed on-blot
�-elimination, before and after glucose deprivation in both
C2C12 and HEK293 cells, which should remove all O-glycans
while having no effect on N-glycans (34, 35). Blots were subse-
quently probed with the O-GlcNAc antibodies CTD110.6 and
9D1.E4(10) as well as ConA (Fig. 1F). It can be seen that follow-
ing �-elimination, whereas there was some residual reactivity
with CTD110.6 it was markedly reduced relative to the
untreated blots. This was also the case with the 9D1.E4(10)
O-GlcNAc antibody; however, as expected there was no effect
of �-elimination on ConA reactivity, demonstrating that
N-linked chains were unaffected by this treatment. The rela-
tively low level of residual reactivity suggests that the increased
CTD110.6 staining seen here in response to glucose deprivation
is due predominantly to an increase in O-GlcNAc levels.
In NRVMs, glucose deprivation resulted in a significant

reduction inOGAprotein, with no change inOGTprotein (Fig.
2A). This contrasts with other reports that glucose deprivation
resulted in increased levels ofOGTprotein and decreasedOGA
protein (25, 27). To determine whether the changes in OGA
and OGT protein levels were due to altered transcription, we
determined the effects of glucose deprivation on OGA and
OGT mRNA levels and found that transcript levels for both
were increased following removal of glucose (Fig. 2B).
As shown in Fig. 1E, in response to glucose deprivation

HEK293 cells exhibited an increase inO-GlcNAc levels similar
to that seen in NRVMs. Therefore, we examined whether this
was also associated with decreased OGA levels and if so, how
this might be affected by inhibiting protein synthesis with
cycloheximide (Fig. 2C). Consistent with NRVM, glucose dep-
rivation in HEK293 cells significantly decreased OGA protein
levels but had no effect on OGT protein levels. In the presence
of glucose, as expected, the addition of cycloheximide signifi-
cantly decreased both OGA and OGT levels. Interestingly, the
cycloheximide-induced decrease inOGAproteinwas similar to
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that seen with glucose deprivation, and the combination of glu-
cose deprivation plus cycloheximide had little additional effect.
On the other hand, glucose deprivation had little effect on the

cycloheximide-induced decrease inOGTprotein. These obser-
vations suggest that the decrease in OGA protein seen with
glucose deprivation is primarily due to decreased synthesis.

FIGURE 1. A, changes in O-GlcNAc levels in NRVMs following glucose deprivation for 1–24 h. Left, O-GlcNAc immunoblots, using CTD110.6 antibody. Right,
protein area density (n � 4). *, p � 0.05 versus 5 mM glucose. Error bars, S.E. B, effect of pyruvate on O-GlcNAc levels with and without glucose for 6 h. Left,
O-GlcNAc immunoblots, using CTD110.6 antibody. Right, protein area density (n � 3). *, p � 0.05 versus 5 mM glucose. C, changes in O-GlcNAc levels in NRVMs
following glucose deprivation for 24 h determined using the anti-O-GlcNAc antibody clone 9D1.E4(10) from Millipore. *, p � 0.05 versus control. D, effects of
PNGase treatment on O-GlcNAc levels of C2C12 myocytes using CTD110.6 antibody following 24 h of glucose deprivation (n � 3). *, p � 0.05 versus control.
E, effects of PNGase F on O-GlcNAc (CTD110) and N-glycan (ConA) levels in C2C12 and HEK293 cells under normal euglycemic conditions and following glucose
deprivation. F, effects of in-blot �-elimination on reactivity of O-GlcNAc antibodies CTD110.6 and 9D1.E4(10) and ConA levels in C2C12 and HEK293 cells under
normal euglycemic conditions and following glucose deprivation.
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FIGURE 2. A, effects of 24 h of glucose deprivation on O-GlcNAc, OGT, and OGA protein levels (n � 4 – 6). *, p � 0.05 versus 5 mM glucose. Error bars, S.E. B, effects
of glucose deprivation on OGT and OGA mRNA levels. *, p � 0.05 versus 5 mM glucose. C, effects of cycloheximide (1 �M) on O-GlcNAc, OGA, and OGT levels in
HEK293 cells under normal euglycemic conditions and following glucose deprivation. D, OGA activity levels in HEK293 cells at 3 and 24 h following glucose
deprivation (GD). Data were normalized to euglycemic control group (CNTR) for each time point. *, p � 0.05 versus control.
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Consistentwith the decrease inOGAprotein,OGAactivitywas
also significantly decreased at 24 h following glucose depriva-
tion, but not at 3 h (Fig. 2D).
Complete glucose deprivation is clearly a nonphysiological

stress; however, hypoglycemia can occur in response to various
pathophysiological conditions. Therefore, NRVMs were treated
with0–5mMglucose for24h; it canbeen seen that comparedwith
5 mM glucose, O-GlcNAc levels are modestly elevated at 4 mM

glucoseand increased�6-foldat3mM(Fig. 3).Consistentwith the
data in Fig. 1, the increase in O-GlcNAc was associated with
decreased OGA levels but no change in OGT.
To determine whether the effects of glucose deprivation

were reversible, NRVMswere exposed to 0mMglucose for 24 h,
andO-GlcNAc, OGT, and OGA levels were determined at 1, 2,
3, 4, 5, 6, and 24 h, following the addition of 5 mM glucose
(supplemental Fig. S1). There was a gradual decrease in
O-GlcNAc levels and an increase in OGA protein levels return-
ing to base line by 24 h. Consistent with the data in Fig. 2, there
was no significant change in OGT levels under any conditions.
Glucose Deprivation-induced Increase in O-GlcNAc Depen-

dent on Hexosamine Pathway flux—To determine whether the
hexosamine biosynthesis pathway was mediating the effects of
glucose deprivation, NRVMs were subjected to 24 h of glucose
deprivation in the presence of 0.1–5mM glucosamine (Fig. 4A).
All concentrations of glucosamine attenuated the effects of glu-
cose deprivation; however, we found that 0.1 mM glucosamine
completely inhibited the effects of glucose deprivation, main-
taining O-GlcNAc and OGA at levels similar to the control
group (Fig. 4A). We also examined the effects of lower concen-

trations of glucosamine and found that as little as 0.02 mM sig-
nificantly blunted both the increase inO-GlcNAc and decrease
in OGA (Fig. 4B). Because the primary pathway for glucosa-
mine metabolism is via the hexosamine biosynthesis pathway,
these data suggest that glucose deprivation leads to a reduction
in HBP flux, which triggers the subsequent increase in
O-GlcNAc.
It has been proposed that an early decrease in O-

GlcNAcylation resulting from glucose deprivation is a trigger
for the subsequent increase inO-GlcNAc. Although we did not
detect this in NRVMs, it is possible that this was due to a limi-
tation in sensitivity or timing; therefore, we askedwhether inhi-
bition of OGA with PUGNAc to prevent any initial loss of
O-GlcNAcylation would attenuate this response. As shown in
Fig. 4C, whereas PUGNAc increases basal O-GlcNAc levels it
does not block the profound increase inO-GlcNAc that occurs
following glucose deprivation.
Role of p38 MAPK, AMPK, and Calmodulin-dependent

Kinases in Mediating Effects of Glucose Deprivation on
O-GlcNAcylation—In NRVMs the p38 MAPK inhibitor
SB203580 did not affect the glucose deprivation-induced
changes in O-GlcNAc or OGA (Fig. 5). Previous studies have
reported that HO-1 expression is also increased in response to
glucose deprivation in a p38-dependentmanner (38), and it can
be seen in Fig. 5 that SB203580 completely blocked the glucose
deprivation-increased HO-1 levels. This suggests therefore,
that in cardiomyocytes the glucose deprivation-induced
increase in HO-1 is indeed p38MAPK-dependent, but that the
effects on O-GlcNAc and OGA levels are p38-independent.
AMPK is widely recognized as a sensor of cellular energy

status (39), and previous studies have suggested that it may
contribute to the increase inO-GlcNAc levels following glucose
deprivation (26). Therefore, NRVMs were subjected to glucose
deprivation with and without the AMPK inhibitor, Compound
C, over a range of concentrations up to 40 �M. No significant
effect of Compound C was seen over a range from 5 to 20 �M

(supplemental Fig. S2); however, at 40 �MCompound C almost
completely blunted the increase in O-GlcNAc levels and par-
tially attenuated the decrease in OGA levels (Fig. 5B). As
expected, glucose deprivation significantly increased AMPK
phosphorylation, which was attenuated by Compound C (Fig.
5B).
AMPK can also be activated by Ca2�/calmodulin-dependent

protein kinase kinase (CaMKK) and overexpression of
CaMKK� in mammalian cells increases AMPK activity; con-
versely, STO-609, an inhibitor of CaMKK, has been shown to
attenuate AMPK activation (40, 41). However, treatment of
NRVMs with STO-609 (10–80 �M) had no effect on glucose
deprivation-induced increase in eitherO-GlcNAc or phospho-
AMPK (supplemental Fig. S3). On the other hand, CaMKII the
predominant cardiac isoform in NRVMs (42–44) and the
CaMKII inhibitor KN93, significantly attenuated the increase
in O-GlcNAc, blunted the decrease in OGA and prevented
the increase in phospho-AMPK induced by glucose deprivation
(Fig. 6A). It should be emphasized that KN93 had no effect on
O-GlcNAc or OGA levels under euglycemic conditions.
Because activation of CaMKII is dependent on increased

intracellular Ca2� levels, we asked whether influx of extracel-

FIGURE 3. Effects of decreasing glucose levels for 24 h in NRVMs on
O-GlcNAc, OGT, and OGA protein levels. n � 4. *, p � 0.05 versus 5 mM

glucose. Error bars, S.E.
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lular Ca2� contributed to the glucose deprivation-induced
increase inO-GlcNAc. In Fig. 6B it can be seen that the addition
of EGTA to a lower extracellular Ca2� concentration signifi-
cantly attenuated the effects of glucose deprivation, suggesting
that the increase in O-GlcNAc was dependent on the influx of
extracellular Ca2�. Inhibition of L-type Ca2� channels with
verapamil had no significant effect on the response to glucose
deprivation; whereas SKF96365, an inhibitor of store-operated
Ca2� entry, completely attenuated the increase in O-GlcNAc.
There was no effect of any of these interventions onO-GlcNAc
levels under euglycemic conditions, consistent with the
absence of any effect of KN93 on basal O-GlcNAc levels (Fig.
6A). Due to the adverse effects of prolonged exposure to EGTA,
these studies were performed with only 6 h of glucose depriva-
tion, when no changes in OGA protein levels were observed;
therefore, we cannot draw any conclusions regarding the effects
of EGTA, verapamil, or SKF96365 on OGA protein levels.
HEK293 cells and C2C12 myoblasts were also subjected to

glucose deprivation in the presence and absence of KN93, and

both cell types exhibited a robust increase in O-GlcNAc in
response to glucose deprivation, which was also attenuated by
KN93 treatment (Fig. 7A). The increase in O-GlcNAc that
occurs in response to heat shock in both cell types was also
significantly attenuated by KN93 treatment (Fig. 7B).

DISCUSSION

Changes in protein O-GlcNAcylation of nuclear and cyto-
plasmic proteins have been associated with adverse cellular
events associated with chronic diseases including cancer, neu-
rodegenerative diseases, and perhapsmost commonly the com-
plications associated with diabetes (1). It is also well established
that normal O-GlcNAc cycling is essential for maintaining cell
viability and that an acute increase in O-GlcNAc levels is a key
element in the endogenous cellular stress response (45, 46).
Studies in the heart have demonstrated that ischemia/reperfu-
sion resulted in amarked decrease inO-GlcNAc levels, whereas
augmenting O-GlcNAcylation by inhibiting OGA significantly
improved recovery (19, 21). Conversely, increased OGA

FIGURE 4. A, effects of glucosamine (GlcN, 0 –5 mM) on glucose deprivation-induced changes in O-GlcNAc, OGA, and OGT. n � 4. *, p � 0.05 versus 5 mM glucose.
#, p � 0.05 versus 0 mM glucose. Error bars, S.E. B, effects of 0.01– 0.1 mM glucosamine on O-GlcNAc, OGT, and OGA levels in response to 24-h glucose deprivation.
C, effects of PUGNAc (1–100 �M) on glucose deprivation-induced increase in O-GlcNAc.
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expression resulted in increased sensitivity to oxidative stress
(47). Furthermore, it has been shown that in a murine model of
cardiac hypertrophy following acute MI there is an increase in
overall O-GlcNAc levels, and a cardiomyocyte-specific reduc-
tion in OGT levels leads to the accelerated development of
heart failure (29). However, despite the importance of
O-GlcNAcylation in mediating the cellular response to stress,
our understanding of how O-GlcNAc levels are regulated
remains limited.
The primary factor in regulating cellular O-GlcNAc levels

was typically believed to be substrate availability, and this
formed the foundation for the prevailing view that increased
O-GlcNAc levels occurred in response to nutrient excess,
thereby contributing to the adverse effects associatedwithmet-
abolic disease such as insulin resistance and diabetes. However,
this view has been challenged by studies in transformed cell
lines that nutrient deprivation is a trigger for increasing
O-GlcNAc levels. Here, we demonstrate that glucose depriva-
tion is also a potent stimulus for increasing cellular
O-GlcNAcylation in isolated cardiomyocytes and that this
appears to be triggered, at least in part, by a decrease in HBP
flux; we also show that this response is mediated by Ca2�-in-

duced activation of CaMKII. Moreover, we demonstrate that
CaMKII mediates both glucose deprivation and heat shock-
induced increases in O-GlcNAc in C2C12 and HEK293 cells,
indicating that changes in intracellular Ca2� appear to play
a key role in regulating the stress-induced increase in O-
GlcNAcylation.
It should also be noted that it has been reported that glucose

deprivation predominantly increased the levels of an attenu-
ated N-linked glycan, chitobiose rather than O-GlcNAc (33).
Here, we found that after removingO-glycans by �-elimination
there was only minimal residual staining with O-GlcNAc-
specific antibodies in the glucose deprivation samples (Fig. 1F);
importantly, the level of staining was markedly less than prior
to �-elimination, whereasN-linked chains as assessed by ConA
reactivity were unaffected. This suggests that in these studies
the primary response to glucose deprivation appears to be an
increase inO-GlcNAc levels with at most only minor contribu-
tions from chitobiose. It is worth noting that in the study by
Isono, cells were exposed to high glucose (25mM) prior to being
subjected to glucose deprivation (33); whereas, here cells were
incubated under normal glucose conditions (5 mM) prior to
glucose deprivation. It is possible that exposure to hyperglyce-
mia could modulate the subsequent response to glucose depri-
vation, resulting in a greater increase in N-linked chitobiose
relative to O-GlcNAc. It is also possible, if not likely, that the
response of these two pathways to glucose deprivation is cell
type-dependent; for example, following �-elimination the
amount of residual staining seen in C2C12 cells was much less
than that seen in HEK293 cells.
Taylor et al. were the first to report the paradoxical result

that glucose deprivation leads to increasedO-GlcNAcylation in
HepG2 cells and found that this was accompanied by increased
OGT and decreased OGA protein (25); they subsequently
reported that the increase in O-GlcNAc was independent of
AMPK activation and appeared to be mediated at least in part
by a decrease in HBP flux (27). On the other hand, Cheung and
Hart reported that in Neuro-2a neuroblastoma cells, the effects
of glucose deprivation on O-GlcNAcylation were mediated in
part by AMPK as well as by p38 MAPK (26); however, in A549
lung cancer cells Kang et al., reported that the glucose depriva-
tion-induced increase in O-GlcNAc was not APMK-depen-
dent, but rather appeared to be due to increased glycogen deg-
radation (24).
Similar to these earlier studies we found that in cardiomyo-

cytes glucose deprivationwas also a potent stimulus for increas-
ingO-GlcNAc levels; however, this occurredmore rapidly than
inHepG2 cells andA549 cells, with increasedO-GlcNAc levels,
particularly in high molecular mass proteins occurring as early
as 3 h and reaching a maximal response at 12 h. Although this
was associated with a marked increase in OGT mRNA, this
occurred only at 24 h after glucose deprivation, and in the
absence of any increase in OGT protein, which is in contrast to
the HepG2 and Neuro-2a studies. There was, however, a
marked decrease in OGA protein, which reached 50% of con-
trol levels 24 h after removal of glucose and occurred in the
absence of any decrease in OGA mRNA.
In HEK293 cells we also found that glucose deprivation sig-

nificantly decreased OGA protein, without affecting OGT pro-

FIGURE 5. A, effect of p38 MAPK inhibitor SB203580 on O-GlcNAc, OGA, and
HO-1 protein levels. n � 4. *, p � 0.05 versus 5 mM glucose. #, p � 0.05 versus
SB203580. Error bars, S.E. B, effects of AMPK inhibitor, Compound C (40 �M), on
O-GlcNAc, OGA, phospho-AMPK, and total AMPK levels. Left, immunoblots.
n � 4. *, p � 0.05 versus 5 mM glucose. #, p � 0.05 versus Compound C.
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tein (Fig. 2C). Interestingly, inhibiting protein synthesis with
cycloheximide under euglycemic conditions decreased OGA
protein levels to a similar extent as glucose deprivation, and
there was no significant additive effect of glucose deprivation
plus cycloheximide. These datawould suggest that the decrease
in OGA seen with glucose deprivation is primarily a conse-
quence of decreased synthesis. Taken together, with the
increase in mRNA seen with glucose deprivation in NRVMs
this would suggest that the decrease in OGA seen with glucose
deprivation is most likely due to an inhibition in protein trans-
lation. It is noteworthy that glucose deprivation appears to have
little or no effect on OGT protein turnover. Clearly, further
studies are needed to understand better the mechanism by
which glucose deprivation inhibits OGA protein translation.

We found that 24 h following glucose deprivation there was a
modest decrease inOGA activity inHEK293 cells at which time
OGA protein levels were also reduced. Similarly, Kang et al.
found a significant decrease in OGA activity following glucose
deprivation, but surprisingly they found no changes in OGA
protein levels (24). Conversely, Cheung et al. reported no
decrease in OGA activity in response to glucose deprivation
(26); however, similar to our findings, Taylor et al. reported a
decrease in OGA protein (25). One limitation of our study is
that we did not measure OGT activity; however, contrary to
other reports (25–27) we also did not observe any change in
OGT in response to glucose deprivation. It should be noted,
however, that whereas Kang et al. found no change in OGT
protein levels following glucose deprivation, they did observe

FIGURE 6. A, effect of CaMKII inhibitor KN93 (20 �M) on O-GlcNAc, OGA, phospho-AMPK, and total AMPK levels. n � 4. *, p � 0.05 versus 5 mM glucose. #, p � 0.05
versus KN93. Error bars, S.E. B, effects of EGTA, verapamil, and SKF96365 on O-GlcNAc levels at 6 h following glucose deprivation. n � 4. *, p � 0.05 versus 5 mM

glucose. #, p � 0.05 versus treatment.
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an increase in OGT activity (24). On the other hand, Cheung et
al. reported no change inOGT specific activity (26) in response
to glucose deprivation. Thus, whereas there is generally good
agreement that glucose deprivation increasesO-GlcNAc levels
inmultiple cell types, there is clearly no consensus on its effects
on OGA or OGT protein levels or specific activity.
Whereas changes in total activity would be expected to par-

allel changes in protein levels, the specific activities of both
OGT and OGA are regulated by a number of cellular factors
that could be lost depending on the lysis and assay conditions.

For example, it is known that both can be phosphorylated and
O-GlcNAcylated, which are both likely to impact their activity.
Also, other less well characterized factors could be involved
such as cellular redox state; for example, we have recently
shown that the addition of NAD toNRVMs resulted in a reduc-
tion of totalO-GlcNAc levels, with no change in either OGT or
OGA protein levels (48). Also, based on the results from this
study we cannot rule out a direct role of Ca2� in regulating the
activity of either OGT or OGA. Consequently, the discordant
results on the effect of glucose deprivation on OGA and OGT
activity emphasize the importance of developing a better
understanding of the factors that regulate OGT and OGA
activity.
Of note, the effects of glucose deprivation were not due to

energy deprivation, because the addition of pyruvate, a sub-
strate readily oxidized by cardiomyocytes, had no effect on the
increase inO-GlcNAc levels. On the other hand, we found that
the increase in O-GlcNAc could be attenuated by as little as
	20 �M glucosamine and completely blocked by 100 �M glu-
cosamine. However, the OGA inhibitor PUGNAc, although
increasing basalO-GlcNAc levels, did not block the increase in
O-GlcNAc following glucose deprivation. Taken together,
these data suggest that a decrease in flux through the HBP is
likely one of the key mediators of the response to glucose dep-
rivation. The PUGNAc data would suggest that a loss of
O-GlcNAc is not a contributing factor to the response to glu-
cose deprivation; however, we cannot rule out the possibility
that there could be a decrease in O-GlcNAc modification of a
specific protein or proteins that occurs in response to a
decrease in HBP flux, which is unaffected by PUGNAc.
The complete absence of glucose is not a physiologically rel-

evant stress; however, hypoglycemia is a relatively common
complication associated with management of diabetes as well
as the treatment of acute hyperglycemia that occurs after sur-
gery and in response to acute stress (49, 50). Clinically, mild
hypoglycemia, which may or may not be symptomatic, is
defined as a plasma glucose concentration of�3.9mM,whereas
severe hypoglycemia is typically considered as�2.8mMaccom-
panied by dysfunction of the central nervous system (49). It
is interesting, therefore, that biggest increase inO-GlcNAc lev-
els occurred between 3 and 4mM glucose (Fig. 3). This suggests
that the mechanism for increasing cellular O-GlcNAc levels is
particularly sensitive at the levels of extracellular glucose,
which are known to trigger adverse effects.
The fact that this response is blocked by the addition of rel-

atively low concentrations of glucosamine (Fig. 4) suggests that
reduced flux through the HBP could be a key mediator of the
response to decreased glucose availability. It should be noted,
however, that because glucosamine has the potential to affect
other pathways,more definitive experiments are needed to bet-
ter characterize the role of the HBP in mediating the response
to glucose deprivation. Such experiments include the use of
siRNA at the level of GFAT as well as OGT. Alternatively,
GlcNAc could be used as this has been shown to modulate
fewer metabolic pathways than glucosamine (51). The effect of
glucose deprivation on UDP-GlcNAc levels might also provide
further insight into the role of the HBP. Others have reported
that glucose deprivation resulted in a decrease in UDP-GlcNAc

FIGURE 7. A, effects of glucose deprivation and KN93 on O-GlcNAc levels in
C2C12 myoblasts and HEK293 cells. n � 4. *, p � 0.05 versus 5 mM glucose. #,
p � 0.05 versus KN93. Error bars, S.E. B, effect of KN93 treatment on heat
shock-induced increase in O-GlcNAc in C2C12 myoblasts and HEK293 cells.
n � 4. *, p � 0.05 versus basal. #, p � 0.05 versus KN93.
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levels (25–27); however, it remains to be determined whether
the low concentrations of glucosamine, which prevented the
increase in O-GlcNAc, would attenuate this response. A more
definitive approach would be to use 13C-labeled substrates
combined LC-MS/MS to probe the actual rate of substrate uti-
lization via the HBP as reported by Wellen et al. (51).
Whereas the HBP has long been characterized as a glucose-

sensing pathway, this has traditionally been in the setting of
nutrient excess (2, 13, 52); these data suggest that it may play
an equally important role in mediating cellular responses
to nutrient deprivation. Furthermore, whereas increased
O-GlcNAcylation has been implicated in detrimental effects
of nutrient excess, based on these data, it would seem very
possible that it could also be a contributing factor to the
adverse clinical consequences associated with hypoglycemia
(49).
It is relatively straightforward to understand how increased

substrate availability can increaseO-GlcNAc levels; however, it
is less intuitive to see howdecreasedHBP flux could also trigger
this response. We found that whereas inhibition of p38 MAPK
with SB203580 attenuated the induction of HO-1 expression, it
had no effect on either the increase in O-GlcNAc levels or the
decrease in OGA protein (Fig. 5A); thus, at least in NRVMs
activation of p38 MAPK does not appear to contribute to the
increase inO-GlcNAc seen with glucose deprivation. AMPK is
well established as playing a central role in mediating the cellu-
lar responses to metabolic stress, and as expected there was a
marked increase in AMPK phosphorylation following glucose
deprivation (Fig. 5B). Cheung and Hart showed that 20 �M

Compound C attenuated the O-GlcNAc response to glucose
deprivation (26), whereas Kang et al. found that it had no effect
(24). Compound C is widely used to inhibit AMPK in cell cul-
ture; however, it has been reported that 40 �M is required to
block APMK activity completely (53). Here, we found that in
cardiomyocytes up to 20 �M Compound C had no effect (sup-
plemental Fig. S2), whereas, at 40 �M there was marked atten-
uation of the increase inO-GlcNAc anddecrease inOGA levels,
and this was associated with a decrease in AMPK phosphory-
lation (Fig. 5B and supplemental Fig. S2). Therefore, based on
these data it would seem reasonable to conclude that AMPK is
indeed a key mediator of the observed increase in O-GlcNAc;
however, considerable caution must be used in drawing such a
conclusion because CompoundC lacks specificity and has been
shown to inhibit numerous other protein kinases with equal or
greater effectiveness than AMPK (53).
AMPK is regulated either by LKB1, which regulates its activ-

ity in response to changes in the AMP/ATP ratio or via
CaMKK�, which mediates the Ca2� activation of AMPK (54).
STO-609, an inhibitor of CaMKK�, has been used to demon-
strate the role of CaMKK� in AMPK activation (40, 55, 56).
Here, we found that STO-609 had no effect on the increase in
O-GlcNAc, even at concentrations as high as 80 �M, suggesting
that CaMKK�-mediated AMPK activation was not a contrib-
uting factor in the response to glucose deprivation. Interest-
ingly, STO-609 has been reported to inhibit AMPK directly
with a similar effectiveness as Compound C (53). Therefore,
given the limited specificity of Compound C and the divergent
results with STO-609, we believe that it is not possible from

these studies to determine the role of AMPK in regulating the
effects of glucose deprivation on cardiomyocyteO-GlcNAc lev-
els. On the other hand, given that KN93 attenuated the increase
in both O-GlcNAc and phospho-AMPK, we also cannot rule
out a potential role for AMPK. Clearly a more detailed analysis
of AMPK activity as well as the use of genetic gain- and loss-of-
function techniques will be required to understand better the
role of AMPK in regulating the glucose deprivation-induced
increase in cellular O-GlcNAcylation.
In neuronal cells, CaMKIV activation has been shown to

increase O-GlcNAc levels (57); therefore, we wondered
whether a similar mechanism could underlie the effects of glu-
cose deprivation seen here. In cardiomyocytes CaMKII is the
predominant isoform; KN93 has been widely used as a CaMKII
inhibitor and has been reported to have little or no effects on
other protein kinases (53). We found that KN93 inhibited both
the increase in O-GlcNAc and the decrease in OGA that
occurred following glucose deprivation (Fig. 6A). It is also of
note that CaMKIV has been shown to be a target for
O-GlcNAcylation and that this altered its function and activa-
tion (58). Although further studies are needed to determine
whether CaMKII is also O-GlcNAcylated, this raises the
intriguing possibility not only that CaMKII regulates
O-GlcNAc turnover but also thatO-GlcNAcylation of CaMKII
could act as feedback inhibition. Further support for a role of
Ca2� in mediating the response to glucose deprivation is pro-
vided by the fact that decreasing extracellular Ca2� with EGTA
(Fig. 6B) also attenuated the increase in O-GlcNAc levels.
Interestingly, however, verapamil an inhibitor of voltage

gated L-type Ca2� channels had little or no effect, whereas
SKF96365, an inhibitor of store-operated Ca2� entry, almost
completely attenuated the response to glucose deprivation.
Although the role of store-operated Ca2� entry in cardiomyo-
cytes remains under explored, Marchase and colleagues estab-
lished its presence inNRVMs and adult cardiomyocytes several
years ago (31, 32, 59). Nevertheless, additional studies are war-
ranted to characterize better the specific Ca2� entry pathways
activated in response to glucose deprivation and how they are
regulated by changes in HBP flux and/or O-GlcNAc levels. It
should be noted that KN93, EGTA, and SKF96365 had no effect
on O-GlcNAc levels under euglycemic conditions, indicating
that Ca2� regulation of O-GlcNAc turnover may be limited to
stress-induced increases in cellular O-GlcNAc levels.

Given that earlier studies suggested that the mechanism(s)
contributing to the increase in O-GlcNAc resulting from glu-
cose deprivation might be cell type-specific, we examined the
effect of KN93 on the response of the C2C12 myocyte cell line
and HEK293 cells to glucose deprivation. As shown in Fig. 7A,
we found that both cell lines exhibited a robust increase in
O-GlcNAc in response to glucose deprivation, and in both cases
this was attenuated by KN93; furthermore, the heat shock-in-
duced increase in O-GlcNAc was also attenuated by KN93 in
both cell lines (Fig. 7B). It is worth noting that the heat shock-
induced increase in O-GlcNAc is mediated primarily by
increased flux through hexosamine biosynthesis pathway and
OGT (15, 46). Thus, these results suggest that CaMKII activa-
tion is a key mediator of the stress-induced increase in
O-GlcNAc levels and that this is applicable to multiple cell
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types, including excitable and nonexcitable cells subjected to
different stressors.
Taken together, these results demonstrate that cellular

O-GlcNAc levels are acutely sensitive to changes in glucose
metabolism via the HBP; however, contrary to conventional
wisdom these data suggest that a decrease in HBP fluxmay play
a key role in triggering an increase in cellularO-GlcNAcylation.
Although the specific mechanism by which this occurs has yet
to be determined, activation of CaMKII appears to play a cen-
tral role in catalyzing this response. The CaMKIV-mediated
increase inO-GlcNAc in neuronal cells was attributed to phos-
phorylation and subsequent activation of OGT (57); although
we did not measure OGT activity, given that the increase in
O-GlcNAc could be completely blocked by low levels of gluco-
samine it seems unlikely, but not impossible, that the marked
increase inO-GlcNAcylation induced by glucose deprivation is
driven via increased flux through the HBP and OGT. However,
the fact that KN93 also inhibited the heat shock-induced
increase inO-GlcNAcylation suggests that CaMKII may repre-
sent a key regulator of both OGT and OGA.
In conclusion,we have shown that similar to previous reports

in transformed cells, glucose deprivation is a potent stimulus
for increasingO-GlcNAc levels in cardiomyocytes and that this
is mediated in part by a decrease in HBP flux and is dependent
on activation of CaMKII. Although the role of AMPK in regu-
lating this response in cardiomyocytes remains to be deter-
mined, CaMKII activation appears to play a key role in regulat-
ing the increase inO-GlcNAc in response to different stressors
and in different cell types. Thus, the results from this study
clearly demonstrate that factors other than substrate availabil-
ity play important roles in mediating the increased levels of
O-GlcNAcylation that occur in cardiomyocytes in response to
pathophysiological conditions including ischemia, hypertro-
phy, diabetes, and aging.
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