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The cardiomyocyte circadian clock directly regulates multi-
ple myocardial functions in a time-of-day-dependent manner,
including gene expression,metabolism, contractility, and ische-
mic tolerance. These same biological processes are also directly
influenced by modification of proteins by monosaccharides of
O-linked �-N-acetylglucosamine (O-GlcNAc). Because the cir-
cadian clock and proteinO-GlcNAcylation have common regu-
latory roles in the heart, we hypothesized that a relationship
exists between the two. We report that total cardiac protein
O-GlcNAc levels exhibit a diurnal variation in mouse hearts,
peaking during the active/awake phase. Genetic ablation of the
circadian clock specifically in cardiomyocytes in vivo abolishes
diurnal variations in cardiac O-GlcNAc levels. These time-of-
day-dependent variations appear to be mediated by clock-de-
pendent regulation of O-GlcNAc transferase and O-GlcNAcase
protein levels, glucose metabolism/uptake, and glutamine syn-
thesis in an NAD-independent manner. We also identify the
clock component Bmal1 as an O-GlcNAc-modified protein.
Increasing protein O-GlcNAcylation (through pharmacological
inhibitionofO-GlcNAcase) results indiminishedPer2protein lev-
els, time-of-day-dependent induction of bmal1 gene expression,
and phase advances in the suprachiasmatic nucleus clock. Collec-
tively, these data suggest that the cardiomyocyte circadian clock
increases proteinO-GlcNAcylation in the heart during the active/
awake phase through coordinated regulation of the hexosamine
biosynthetic pathway and that protein O-GlcNAcylation in turn
influences the timing of the circadian clock.

Circadian clocks have emerged as critical regulators of
energy metabolism (1, 2). Animal models wherein components
of these cell autonomous mechanisms are genetically manipu-
lated invariably exhibit altered energy balance, resulting in
overt metabolic phenotypes (e.g. obesity or leanness). This con-
cept is exemplified when either Clock or Bmal1 (two transcrip-
tion factors at the core of the mammalian clock) are disrupted;
Clock�19 mutant mice are obesity-prone, whereas Bmal1 null
mice are lean (3, 4). Appreciation for links between circadian
clocks and metabolism has grown further through demonstra-
tion that perturbations in metabolism (e.g. changes in nutrient
availability, models of obesity, and diabetes mellitus, etc.) in
turn influence the clock mechanism (5–7). Collectively, these
observations have fueled identification of a number of post-
translational mediators that facilitate the interdependence of
circadian clocks with metabolism. These include phosphoryla-
tion, ubiquitination, acetylation, and ribosylation of critical
clock and/or metabolic components in time-of-day-dependent
manners (1, 8–14).
Defining the role of a specific cell autonomous circadian

clock inmetabolic regulation through the use of animal models
wherein clock components are genetically altered in a ubiqui-
tous fashion is often hampered by the fact that time-of-day-de-
pendent rhythms are altered at multiple levels (e.g. behavioral,
neurohumoral, cellular). For this reason we have recently uti-
lized a mouse model wherein the circadian clock is genetically
disrupted in a specific, metabolically active organ (namely the
heart) (13, 15). Cardiomyocyte-specific clock mutant (CCM)4
mice have recently revealed that this cell autonomous clock
regulates in a time-of-day-dependentmanner 1) expression of a
plethora of key genes known to influence both oxidative and
non-oxidative metabolism, 2) responsiveness of the heart to
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fatty acids at transcriptional and metabolic levels, and 3) trig-
lyceride turnover (13, 15, 16). Cardiomyocyte clock control of
myocardial metabolism is associated with time-of-day-depen-
dent alterations in both myocardial function (e.g. heart rate,
cardiac output) and dysfunction (e.g. ischemia/reperfusion tol-
erance, cardiac hypertrophy) (13, 17, 18).
Many clock-controlled processes in the heart are similarly

influenced bymodification of proteins byO-linked �-N-acetyl-
glucosamine (O-GlcNAc), such as gene expression, metabo-
lism, hypertrophic growth, and ischemia/reperfusion tolerance
(19–21). Analogous to protein phosphorylation, protein
O-GlcNAcylation is an enzyme-catalyzed reversible covalent
post-translational modification that affects activity, subcellular
location, and/or turnover of the target protein (22, 23). Protein
O-GlcNAcylation is often described as a nutrient sensor, signal-
ing to the cell when glucose (and amino acid) availability is
elevated (24). The addition of the O-GlcNAc moiety to serine/
threonine residues on target proteins is catalyzed byO-GlcNAc
transferase (OGT), whereas removal/hydrolysis is catalyzed
by O-GlcNAcase (OGA) (24). The substrate for protein
O-GlcNAcylation (i.e.UDP-N-acetylglucosamine) is generated
via the hexosamine biosynthetic pathway (HBP). The commit-
ted step in theHBP is the synthesis of glucosamine 6-phosphate
from the glycolytic intermediate fructose 6-phosphate and the
amino acid glutamine, a reaction catalyzed by glutamine:
fructose 6-phosphate amidotransferase (GFAT). Protein
O-GlcNAcylation is, therefore, dependent upon both substrate
availability (essentially glucose and glutamine) as well as OGT,
OGA, and GFAT intrinsic activity.
The circadian clock and protein O-GlcNAcylation influence

overlapping processes in the heart. Both are sensitive to
changes in nutrient availability/metabolic fluxes, and both are
highly conserved across organisms. Therefore, we hypothe-
sized that a relationship exists between the two processes (i.e.
the circadian clock regulates O-GlcNAcylation and/or
O-GlcNAcylation regulates the circadian clock). Consistent
with this hypothesis, we demonstrate that in the murine heart
OGT, OGA, and glutamine synthetase (GLUL) as well as glu-
cose metabolism coordinately vary in a time-of-day-dependent
manner to promote protein O-GlcNAcylation in the middle of
the active (dark) phase. These diurnal variations appear to be
driven by the cardiomyocyte circadian clock as they are absent
in CCM hearts. Furthermore, we identify the clock component
Bmal1 as an O-GlcNAc-modified protein and identify that
pharmacological inhibition of OGA leads to decreased Per2
levels, induction of bmal1 gene expression, and phase shifts in
the suprachiasmatic nucleus (SCN) clock. Collectively, these
data highlight a novel relationship between protein
O-GlcNAcylation and the circadian clock.

MATERIALS AND METHODS

Animals—Male wild-type (WT) andCCMmice were housed
at either the Centers for Comparative Medicine at Baylor Col-
lege of Medicine (PUGNAc administration studies) or at the
University of Alabama at Birmingham (all other studies). Male
mPER2::LUC knock-inmice (25) were housed at the University
of Alabama at Birmingham. Mice were housed in micro-isola-
tor cages under controlled conditions (23 � 1 °C; 12 h light:

12-h dark cycle) and received standard laboratory chow and
water ad libitum. To measure diurnal variations in behavior
(food intake and activity) and whole body metabolism (energy
expenditure), mice were housed within a comprehensive labo-
ratory animal monitoring system (CLAMS, Columbus Instru-
ments, OH). In a subset of studies, elevations in protein
O-GlcNAc levels were achieved in vivo by administration of the
OGA inhibitor PUGNAc (20 mg/kg intraperitoneally). All
studies were reviewed and approved by the respective local
IACUC committees before their conduct.
Ex Vivo Heart Perfusions—The ex vivo working mouse heart

perfusion was used to assess myocardial metabolism, as
described previously (13). Hearts were perfused in the working
mode in a non-recirculating manner with a preload of 12.5 mm
Hg and an afterload of 50 mm Hg. Standard Krebs-Henseleit
buffer was supplemented with 8 mM glucose, 0.4 mM oleate
conjugated to 3% BSA (fraction V, fatty-acid free; dialyzed), 10
microunits/ml insulin, 0.05 mM L-carnitine, and 0.13 mM glyc-
erol. The perfusion buffer utilized in studies investigating lac-
tate oxidation was further supplemented with 1.5 mM lactate
and 0.15 mM pyruvate. Radiolabeled tracers (0.035 mCi/liter
D-[U-14C]glucose, 0.00625 mCi/liter L-[U-14C]lactic acid, 0.02
mCi/liter D-[5-3H]glucose, and 0.04mCi/liter D-[2-3H]glucose)
were used to measure various stages of oxidative and non-oxi-
dative metabolism as described previously. Coronary effluent
was collected throughout the perfusion period at 5-min inter-
vals; steady state rates in metabolism are the average of data at
perfusion times 30 and 35.
Neonatal Cardiomyocyte Cultures—Neonatal rat ventricular

myocytes were isolated from 2- to 3-day-old neonatal Sprague-
Dawley rats and cultured as described previously (26). A con-
fluent monolayer of spontaneously beating neonatal rat ven-
tricular myocytes had formed within 1–2 days of isolation and
cells were treated with NAD� (0–1mM) for 3–24 h. Cells were
lysed and O-GlcNAc levels determined by Western blot analy-
sis as described below.
Organotypic SCN Cultures—Between 1–4 h after lights on,

PER2::LUC mice (transgenic mice expressing the luciferase
gene under the control of the PER2 promoter) were killed by
cervical dislocation. Organotypic cultures of the SCNwere pre-
pared according to previously published methods and culture
media (27). Slice cultures containing the SCNwere maintained
at 36.0 °C, and after stable rhythmicity was established they
were treated by adding either 5 �l of 20 mM PUGNAc (100 �M

final concentration) or 5 �l of sterile culture water (vehicle)
directly into the media. Cultures were treated at various circa-
dian times where CT 12 refers to peak luminescence (25, 27).
Bioluminescence was measured with a LumiCycle (Actimet-
rics,Wilmette, IL). Data were analyzed by using Lumicycle data
analysis software (Actimetrics). For each selection of data (two
to three cycles before treatment or two cycles after treatment),
base-line drift was removed by fitting a polynomial curve with
an order of one less than the number of cycles. The base-line-
subtracted data were then used to estimate the circadian period
by fitting a sine wave multiplied by an exponential decay. A
goodness of fit was computed, and only data with at least 80% of
the variance accounted for by the curve was used for analysis.
Two predictions of the peak of the first cycle after treatment
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were made; one based on the curve that best fit the cycles pre-
ceding treatment and a second based on the curve that best fit
the cycles after treatment. The difference between these two
predictions was determined to be the phase shift.
Myocardial NAD Levels—Total NAD levels were measured

in frozen hearts using a commercially available kit (Bioassay
Systems LLC).
Western Blotting—Qualitative analysis of protein expression

was performed using standard Western blotting techniques.
Briefly, powdered tissue (�20 mg) was homogenized on ice in
T-PER tissue lysis buffer (Pierce) supplemented with 40 �M

PUGNAc (Carbogen), 2mMPMSF (Sigma), 2mMEDTA, 0.25%

Nonidet P-40, and protease and phosphatase inhibitor cocktails
(all from EMD Chemicals). Lysates (10–20 �g) were separated
on a 7.5% bisacrylamide gel by electrophoresis, transferred to a
PVDF membrane, and probed with antibodies to O-GlcNAc
(CTD110.6 antibody, Mary-Ann Accavitti, UAB Epitope Rec-
ognition and Immunoreagent Core; anti-O-GlcNAc, clone
9D1.E4(10), Millipore), phospho-AMPK�, AMPK� (Cell Sig-
naling Technology), Bmal1, Per1, Per2, Cry2, Glut4, glutamine
synthetase (Millipore), Clock, OGA (Santa Cruz), OGT
(Sigma), Glut1, or calsequestrin (Abcam) diluted in 1% casein,
PBS for 1.5 h at room temperature or overnight at 4 °C. Mem-
branes were incubated with appropriate horseradish peroxi-

FIGURE 1. Diurnal variations in mouse heart protein O-GlcNAcylation using the anti-O-GlcNAc antibody 9D1.E4(10) (i) or CTD (ii) (A) is shown. Densitometric
analysis of total protein O-GlcNAcylation (i) as well as seven distinct O-GlcNAc protein bands (ii) in the mouse heart (B) is shown. Diurnal variations in OGT (C)
and OGA (D) protein levels in the mouse heart are shown. Hearts were isolated at the dark-to-light phase transition (ZT 0), middle of the light phase (ZT 6),
light-to-dark phase transition (ZT 12), and middle of the dark phase (ZT 18); ZT 0 and ZT 24 are identical data points. ZT represents zeitgeber time. Data are shown
as the mean � S.E. for between 14 and 20 separate hearts within each group. The main effects for time are indicated in the top left hand corner of the figure
panels. *, p � 0.05 for a specific time point versus the trough (i.e. lowest) value.
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dase-conjugated secondary antibodies (1:10,000–1:40,000;
Santa Cruz). Bands were visualized with ImmunstarWestern C
detection kit (Bio-Rad) on x-ray film, scanned, quantified using
Scion Image Version 4.0.3.2, and normalized to calsequestrin.
For immunoprecipitations, tissue homogenates (described

above) were precleared with protein G-agarose fast flow beads
(Millipore) for 1 h at 4 °C then removed by centrifugation at
14,000 � g for 10 min. Precleared lysates (500 �g, heart; 1000
�g, liver) were diluted in PBS to a final total tissue protein

concentration of 1–1.5mg/ml then incubatedwith 2�g of anti-
body at 4 °C overnight. Protein G-agarose beads were added to
capture the immunocomplex (4 °C for 4 h). Beads were col-
lected by pulse centrifugation (5 s at 14,000 � g), washed twice
with ice-cold tissue lysis buffer (described above), and resus-
pended in 75 �l of 2� Laemmli sample buffer (Bio-Rad). Sam-
ples were denatured at 100 °C for 5 min followed by pulse cen-
trifugation to remove immunocomplex from beads then
subjected to Western blotting. For a subset of studies, mem-

FIGURE 2. Diurnal variations in protein O-GlcNAcylation (A), OGT (B), and OGA (C) protein levels as well as ogt and oga mRNA levels (D) in WT versus
CCM hearts. Hearts were isolated at the dark-to-light phase transition (ZT 0), middle of the light phase (ZT 6), light-to-dark phase transition (ZT 12), and middle
of the dark phase (ZT 18); ZT 0 and ZT 24 are identical data points. ZT represents zeitgeber time. Data are shown as the mean � S.E. for between 11 and 20
separate hearts within each group. Main effects for model, time, or genotype are indicated in the top or bottom left-hand corner of the figure panels. *, p � 0.05
for a specific time point versus the trough (i.e. lowest) value. #, p � 0.05 for WT versus CCM at a distinct zeitgeber time.
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branes were probedwith CTD antibody in the presence of 10 or
100mMN-acetyl-D-glucosamine (Sigma) for 1.5 h at room tem-
perature to test O-GlcNAc binding specificity.
RNA Isolation and Real-time RT-PCR—RNA was extracted

fromhearts using standard procedures. Candidate gene expres-
sion analysis was performed by quantitative RT-PCR using pre-
viously described methods. Specific assays were designed for
each gene from mouse sequences available in GenBankTM.
Primer and probe sequences have been reported previously (13,
28, 29). RT-PCR data are represented as mRNA molecules/ng
total RNA.
Statistical Analysis—Two-way analysis of variance was per-

formed to investigate the main effects of group, e.g. genotype,
time, and intervention using Stata Version 10.0 (Stata Corp.,
San Antonio, TX). The null hypothesis of no model effects was
rejected at p � 0.05. For analyses in which the full model was
statistically significant (i.e. p � 0.05), Bonferroni post hoc anal-
yses were performed to examine all possible pairwise compar-
isons. A full model including second-order interactions was
conducted for each experiment. Statistically significant differ-
ences were determined using Type III sums of squares.

RESULTS

Diurnal Variations in Protein O-GlcNAcylation in Mouse
Hearts—Mouse hearts were collected at 6-h intervals over the
course of the day, after which time-of-day-dependent varia-
tions inmyocardial proteinO-GlcNAcylation were determined
through immunoblotting. Fig. 1A shows that total protein
O-GlcNAcylation levels exhibit diurnal rhythms in mouse
hearts, when either the 9D1.E4(10) or CTD antibody is uti-
lized; densitometric analysis of the CTD blot revealed a sig-
nificant 1.5-fold trough-to-peak difference in total protein
O-GlcNAcylation (Fig. 1B). Protein O-GlcNAcylation of seven
distinct bands on the CTD immunoblot were next semiquanti-
fied; significant time-of-day-dependent variations in O-
GlcNAcylation were observed for bands 3 and 5 (Fig. 1B). In all
cases, peak proteinO-GlcNAcylation was observed in the mid-
dle of the dark/active phase (i.e.ZT18).Diurnal variations in the
enzymes responsible for the addition (i.e. OGT) and removal
(i.e. OGA) of this post-translational modification were next
investigated in mouse hearts. Significant time-of-day-depen-
dent variationswere observed for bothOGTandOGA (Fig. 1,C
and D, respectively). Consistent with changes in total protein
O-GlcNAcylation (i.e. peak at ZT18; Fig. 1B), OGT protein lev-
els peaked in themiddle of the dark phase (i.e.ZT18, Fig. 1C). In
contrast, OGA protein levels exhibit a lower amplitude diurnal
variation (compared with proteinO-GlcNAcylation and OGT)
that peaks at the light-to-dark phase transition (i.e. ZT12, Fig.
1D).

Diurnal Variations in Protein O-GlcNAcylation and OGT
Are Absent in CCM Hearts—Diurnal variations in myocardial
protein O-GlcNAcylation could be mediated by extrinsic (e.g.
neurohumoral factors) or intrinsic (i.e. cell autonomous clocks)
influences. To investigate the relative contribution of the car-
diomyocyte circadian clock, we utilized CCM mice. Similar to
the data presented in Fig. 1B, WT mouse hearts exhibit a sig-
nificant time-of-day dependence in total protein O-GlcNAc
levels; there was an approximate 60% increase in overall
O-GlcNAcylation between the minimum at ZT12 and the peak
at ZT18 (Fig. 2A). In contrast, in CCM hearts no diurnal varia-
tion in protein O-GlcNAcylation was observed, and essentially
identical levels at ZT12 versus ZT18 were observed (Fig. 2A).
Consistent with protein O-GlcNAcylation, in CCM hearts
OGT protein levels show no time-of-day-dependent changes
and are chronically repressed compared with WT hearts (Fig.
2B). Similarly, OGA protein levels are also chronically
repressed in CCM hearts independent of the time-of-day (Fig.
2C). Circadian clocks are primarily transcriptionally based
mechanisms such that many target pathways are regulated at a
transcriptional level. As such, we next investigated diurnal vari-
ations in ogt and oga mRNA levels in WT versus CCM hearts.
Fig. 2D shows that ogt, but not oga, mRNA levels vary in a
time-of-day-dependent manner in WT hearts; specifically, ogt
mRNA levels increase�2-fold between ZT0 and ZT12. In con-
trast, diurnal variations in ogt mRNA levels are completely
absent in CCM hearts.
Diurnal Variations in Parameters Influencing Carbon Entry

intoHBP—ProteinO-GlcNAcylation is known to be influenced
by a number of parameters, including behaviors (e.g. food
intake, physical activity) as well as changes in whole body
metabolism. To rule out that differences in cardiac protein
O-GlcNAcylation were not secondary to these factors,WT and
CCMmice were housed within CLAMS cages. Consistent with
the cardiomyocyte-specific nature of the CCM model, no dif-
ferences in diurnal variations in food intake, physical activity, or
energy expenditure were observed between WT and CCM lit-
termates (supplemental Fig. 1).
Protein O-GlcNAcylation is regulated in part by the entry of

carbon into the HBP, and GFAT catalyzes the committed step
for glucose entry into this pathway. GFAT activity is regulated
in a number of ways, including expression levels, substrate
availability, and phosphorylation. We, therefore, investigated
whether GFAT expression, pathways providing GFAT sub-
strates (i.e. glucose uptake and glycolysis), and/or kinases
known to phosphorylate GFAT (i.e. AMPK) exhibit a diurnal
variation inWT (but not CCM) hearts. Levels of gfat1 and gfat2
mRNA did not exhibit a significant diurnal variation in wild-

FIGURE 3. Time-of-day- and cardiomyocyte circadian clock-dependent differences in parameters influencing entry of carbon into the HBP. Diurnal
variations in rates of glucose oxidation (i), glycolysis (ii and iii), and glycogen synthesis (iv) in ex vivo perfused in WT versus CCM hearts are shown (A). Rates of
lactate oxidation (i) and glucose uptake (ii) for WT versus CCM hearts at ZT18 are shown (B). Diurnal variations in P-AMPK levels in WT versus CCM hearts are
shown (C). Diurnal variations in glul mRNA levels in WT versus CCM hearts (D) are shown. Diurnal variations in GLUL protein levels in WT versus CCM hearts (E)
are shown. Hearts were isolated at the dark-to-light phase transition (ZT 0), middle of the light phase (ZT6), light-to-dark phase transition (ZT 12), and middle of
the dark phase (ZT 18); ZT 0 and ZT 24 are identical data points. ZT represents zeitgeber time. Data are shown as the mean � S.E. for between 7 and 15 separate
hearts within each group. Main effects for model, time, or genotype are indicated in the top left-hand corner of the figure panels. *, p � 0.05 for a specific time
point versus the trough (i.e. lowest) value. #, p � 0.05 for WT versus CCM at a distinct ZT.
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type hearts, and these levels were unaltered in CCM hearts
(supplemental Fig. 2A). Diurnal variations in both oxidative and
non-oxidative glucose metabolic fluxes were next investigated
in WT versus CCM hearts in a controlled ex vivo setting. WT
hearts exhibit a 2.4-fold (trough-to-peak) diurnal variation in
the rate of glucose oxidation, peaking during the middle of the
active phase (ZT18; Fig. 3Ai). Similar diurnal variations in non-
oxidative glucose metabolism were observed inWT hearts (i.e.
glycolysis as assessed by [3H]H2O release from [5-3H]glucose or
[14C]lactate release from [14C]glucose, as well as net glycogen
synthesis; Figs. 3A, ii–iv). Importantly, these diurnal variations
are absent inCCMhearts, which exhibit chronically low rates of
glucose metabolism (Fig. 3A). Collectively, these observations
suggest that the cardiomyocyte circadian clock increases both
oxidative and non-oxidative glucose metabolism during the
dark phase, which potentially contributes to increased protein
O-GlcNAcylation at this time.
Myocardial glucose metabolism can be modulated primarily

by 1) modulation of pyruvate oxidation by the pyruvate dehy-
drogenase complex (i.e. the Randle cycle) and/or 2) increasing
glucose uptake into the cardiomyocyte. We, therefore, investi-
gated both lactate (which is converted to pyruvate via lactate
dehydrogenase) oxidation and glucose uptake in WT versus
CCMhearts at ZT18when oxidative glucosemetabolismwas at
its highest in WT hearts. We report that rates of lactate oxida-
tion were not significantly different between WT and CCM
hearts (Fig. 3Bi). In contrast, glucose uptake rates are signifi-
cantly lower in CCM versus WT hearts (Fig. 3Bii). These data
suggest that the cardiomyocyte circadian clock regulates myo-
cardial glucose uptake but not pyruvate oxidation.
Glucose uptake is determined in part by the expression of the

glucose transporters (of which GLUT1 and GLUT4 are highly
abundant in the heart) as well as signaling pathways promoting
GLUT4 translocation to the cell surface such as AMPK.
Although glut1 and glut4 mRNAs exhibit diurnal variations in
WT, but not CCM hearts, peaking around the middle of the
light phase (i.e.ZT6; supplemental Fig. 2B), neitherGLUT1nor
GLUT4 protein levels exhibit time-of-day-dependent varia-
tions inWT/CCMhearts (supplemental Fig. 2,C andD). How-
ever, consistent with previous reports (16), P-AMPK (which
promotes glucose transport) levels tended to peak inWThearts
in the middle of the dark phase (i.e. ZT18; Fig. 3C), when glu-
cose metabolism and O-GlcNAc levels were highest. Further-
more, P-AMPK levelswere significantly lower inCCMhearts at
ZT18 (p � 0.029; Fig. 3C), consistent with the lower glucose
uptake and O-GlcNAc levels in CCM hearts at this time. Col-
lectively these data suggest that the cardiomyocyte circadian
clock potentiallymodulatesmyocardial glucose uptake through
regulation of AMPK activity. In addition, increased AMPK
activity during the dark/active phase would also promote HBP
flux through phosphorylation and activation of GFAT (30).

Similar to its obligate requirement for the glycolytic inter-
mediate fructose 6-phosphate, GFAT requires glutamine to
generate the HBP intermediate glucosamine 6-phosphate.
GLUL has been shown to exhibit a diurnal variation in skel-
etal muscle (31). We found that mRNA levels for glul also
oscillate in a time-of-day-dependent manner in WT hearts,
peaking at the light-to-dark phase transition (Fig. 3D), and
that these diurnal variations are attenuated in CCM hearts.
Furthermore, GLUL protein levels are chronically decreased
in CCM hearts, suggesting regulation by the cardiomyocyte
circadian clock (Fig. 3E). Increased GLUL activity during the
dark/active phase would promote HBP flux and, therefore,
protein O-GlcNAcylation at this time.
Evidence against NAD as Direct Mediator of Diurnal Varia-

tions inMyocardial Protein O-GlcNAcylation—NAD is emerg-
ing as an important intermediary link between circadian clocks
and metabolism (32). This led us to hypothesize that car-
diomyocyte circadian clock-driven oscillations in myocardial
NAD levels may mediate diurnal variations in protein
O-GlcNAcylation (potentially through modulating the cata-
lytic activity of one or more enzymes in the HBP for example).
Consistent with previously published reports, mRNA levels of
nampt (nicotinamide phosphoribosyltransferase, a critical
enzyme in the NAD salvage pathway) oscillates in WT but not
CCM hearts (Fig. 4A) (13). Chronically low expression of
nampt in CCM hearts was associated with significantly lower
myocardial NAD levels (Fig. 4B). Given that both myocardial
NAD and protein O-GlcNAcylation levels are higher in the
heart during the dark phase and both are lower in CCM versus
WT hearts, we hypothesized that NAD promotes protein
O-GlcNAcylation in the heart. To test this hypothesis, neonatal
rat ventricular myocytes were challenged with NAD in both a
concentration- and time-dependent manner, after which pro-
tein O-GlcNAcylation was measured. Fig. 4C shows that NAD
(�250 �M) decreases protein O-GlcNAcylation levels in neo-
natal rat ventricular myocytes. Furthermore, this effect is rela-
tively rapid (occurs within 3 h) and appears to be independent
of changes in either OGT or OGA expression (Fig. 4C). These
data demonstrate for the first time that NAD appears to acutely
modulate overall cellular O-GlcNAc levels. However, the fact
that NAD reduced rather than increasedO-GlcNAc levels sug-
gests that NAD does not mediate the increase in cardiac
O-GlcNAc levels seen at ZT18.
Bmal1 Is a Direct Target for Protein O-GlcNAcylation—Mul-

tiple examples exist wherein those processes influenced by cir-
cadian clocks exhibit a feedback relationship with this molecu-
lar mechanism. This is particularly true for clock-regulated
metabolic processes (1).We, therefore, hypothesized that com-
ponents of the clock were targets for O-GlcNAc modification.
To test this hypothesis we initially examined whether Bmal1,
Clock, Cry2, Per1, and/or Per2 were O-GlcNAcylated in the

FIGURE 4. Influence of NAD on protein O-GlcNAcylation. Diurnal variations in nampt mRNA levels in WT versus CCM hearts (A) are shown. NAD levels in WT
versus CCM hearts at ZT18 (B) are shown. Concentration- and time-dependent effects of NAD on protein O-GlcNAcylation as well as OGT and OGA expression
in neonatal rat ventricular cardiomyocytes (C) are shown. Hearts were isolated at the dark-to-light phase transition (ZT 0), middle of the light phase (ZT 6),
light-to-dark phase transition (ZT 12), and middle of the dark phase (ZT 18); ZT 0 and ZT 24 are identical data points. ZT represents zeitgeber time. Data are shown
as the mean � S.E., for between five and six separate hearts/experiments within each group. Main effects for model, time, or genotype are indicated in the top
left-hand corners of figure panels. *, p � 0.05 for a specific time point versus the trough (i.e. lowest) value. #, p � 0.05 for WT versus CCM at a distinct ZT. $, p � 0.05
for a specific NAD challenge compared with control.
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mouse liver. Of these proteins, Bmal1 and Per1 appeared to be
positive for O-GlcNAcylation, whereas Clock, Cry2, and Per2
were not (Fig. 5A). Given the critical role of Bmal1 in circadian
clock function and that this transcription factor is known to be
regulated by a host of post-translational modifications, we
focused attention on this protein.We report that the band cor-
responding toO-GlcNAcylatedBmal1was absent in Bmal1 null
mice and that N-acetyl-D-glucosamine successfully competed
for CTD binding (Fig. 5B), thereby supporting the fact that

Bmal1 is O-GlcNAc-modified. Fig. 5C shows that Bmal1 pro-
tein O-GlcNAcylation may vary in a time-of-day-dependent
manner in the heart, with increased levels of this post-transla-
tional modification in the middle of the dark phase (i.e. ZT18).
These data suggest that circadian clock-mediated diurnal vari-
ations in myocardial proteinO-GlcNAcylation potentially feed
back onto the clock component Bmal1.
Protein O-GlcNAcylation Influences Circadian Clock—We

next investigated whether protein O-GlcNAcylation alters the

FIGURE 5. Identification of O-GlcNAc-modified clock components. Screening clock components (BMAL1, CLOCK, CRY2, PER1, and PER2) for O-GlcNAc
modification in mouse livers is shown (A). The absence of BMAL1 O-GlcNAc modification in BMAL1 null mouse livers or after CTD-binding blockage with
O-GlcNAc (10 or 100 mM) (B) is shown. Diurnal variations in Bmal1 O-GlcNAcyation in hearts (D) is shown. Hearts were isolated at the dark-to-light phase
transition (ZT 0), middle of the light phase (ZT 6), light-to-dark phase transition (ZT 12), and middle of the dark phase (ZT 18); ZT 0 and ZT 24 are identical data
points. ZT represents zeitgeber time. Data are shown as the mean � S.E. for between 6 and 14 separate hearts/livers within each group. Main effects for time
are indicated in the top left-hand corners of figure panels. *, p � 0.05 for a specific time point versus the trough (i.e. lowest) value. IP, immunoprecipitation.
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circadian clock in the heart. Protein O-GlcNAcylation was
acutely elevated in WT hearts in vivo through intraperitoneal
administration of the OGA inhibitor PUGNAc in themiddle of
the light phase (i.e. ZT6; Fig. 6A); ZT6 was chosen after our
observations that protein O-GlcNAcylation levels are low
around this time of day. PUGNAc treatment had no significant
effects on CLOCK, BMAL1, CRY2, or PER1 total protein levels
(supplemental Fig. 3). In contrast, pharmacological inhibition
of OGA resulted in depressed PER2 protein levels during the
dark phase (Fig. 6B).
PER2 is part of a negative feedback loop of the mammalian

circadian clock mechanism that represses the transcriptional
activity of CLOCK/BMAL1. PUGNAc-mediated depression of
PER2 protein levels during the dark phase was associatedwith a
greater induction of bmal1 mRNA (a transcriptional target of
CLOCK/BMAL1) at this time (Fig. 6Ci). In contrast, minimal
effects were observed on per2mRNA levels (Fig. 6Cii).
In an attempt to gain better insight into the effects of protein

O-GlcNAcylation on circadian clock function, we decided to
investigate whether pharmacologically elevating O-GlcNAc

levels influenced the SCN (i.e. the central/master) clock in vitro.
Fig. 7 shows that PUGNAc (50 �M) administration to SCN
slices causes time-of-administration-dependent phase shifts in
Per2-luciferase oscillations. Specifically, OGA inhibition dur-
ing the subjective day had no effect on Per2-luciferase oscilla-
tions. In contrast, OGA inhibition during the subjective night
results in phase advances (Fig. 7). Taken together, these data
suggest that protein O-GlcNAcylation influences the mamma-
lian circadian clock.

DISCUSSION

The aim of this study was to investigate the interrelationship
between the cardiomyocyte circadian clock and protein
O-GlcNAcylation. We report that protein O-GlcNAc levels
exhibit a diurnal variation in the mouse heart, peaking in the
middle of the dark/active phase, a rhythm that is absent inCCM
hearts. This appears to be driven by cardiomyocyte circadian
clock-orchestrated variations in OGT expression (and OGA
expression to a lesser extent), concomitant with promotion of
carbon flux through the HBP (through coordinated regulation

FIGURE 6. Influence of PUGNAc administration on levels of total protein O-GlcNAcylation (A) and protein expression of PER2 (B) as well as bmal1 and
per2 gene expression (C) in mouse hearts. Mice were treated with PUGNAc (20 mg/kg intraperitoneally) at ZT 6 (indicated by an arrow) after which hearts
were isolated at ZT 12, ZT 18, and ZT 24. Vehicle-treated mice served as controls. Hearts were isolated at the dark-to-light phase transition (ZT 0), middle of the
light phase (ZT 6), light-to-dark phase transition (ZT 12), and middle of the dark phase (ZT 18); ZT 0 and ZT 24 are identical data points. The same samples were
utilized for both protein and mRNA measurements. ZT represents zeitgeber time; U represents untreated (i.e. before vehicle or PUGNAc treatment); Veh
represents vehicle treatment; Pug represents PUGNAc treatment. Data are shown as the mean � S.E. for between five and six separate hearts within each
group. Main effects for model, time, or treatment are indicated in the top left-hand corners of figure panels. *, p � 0.05 for a specific time point versus the trough
(i.e. lowest) value. $, p � 0.05 for a PUGNAc treated versus vehicle at a distinct zeitgeber time.
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of glucose metabolism, P-AMPK, and GLUL). We also identify
for the first time that Bmal1 appears to be a target for
O-GlcNAc modification in metabolically active organs (i.e.
liver and heart). Furthermore, acutely increasing protein
O-GlcNAcylation (through pharmacological inhibition of
OGA) attenuates PER2 protein levels, induces bmal1 gene
expression, and phase-advances the SCN clock. Therefore, in
light of these observations, which are summarized in Fig. 8, we
propose that protein O-GlcNAcylation is a novel post-transla-
tional link betweenmyocardialmetabolism and the cardiomyo-
cyte circadian clock.
For the circadian clock mechanism to operate over the

course of the day, post-transcriptional events are essential.
Accordingly, various clock components undergo a host of post-
translational modifications (including phosphorylation, acety-
lation, ubiquitination, sumoylation, and ADP-ribosylation),
resulting in altered cellular compartmentation, protein-protein
interaction, transcriptional activity, and protein stability (9, 10,
32–34). These post-translational events are important not only
for normal clock function but also serve asmolecularmediators
of environmental entrainment factors, enabling synchroniza-
tion of cell autonomous clocks with their environment. Periph-
eral circadian clocks (such as those found in the liver and/or
heart) are exquisitely sensitive to metabolic cues (2). Condi-
tions of altered metabolic homeostasis, such as restricted feed-
ing, high fat feeding, or diabetes mellitus, result in distinct
effects on clock gene phase and/or amplitude (2, 35). At a
molecular level, energy/nutrient-sensitive kinases such as
AMPK and glycogen synthase kinase-3� directly influence the
activity/protein stability of core clock components (36–39).
Similarly, the clock mechanism is responsive to direct meta-
bolic signals, includingNAD (both total levels and redox status)
(40). In the latter case, two NAD-dependent post-translational
modifications have recently been shown to be critical for nor-
mal clock function, namely (de)acetylation and ADP-ribosyla-
tion (41, 42).
ProteinO-GlcNAcylation is a post-translational modifica-

tion known to influence protein function in a number of
ways, including activity and protein stability (24, 43).
O-GlcNAcylation is highly dependent on nutrient availability,
as demonstrated by changes in this post-translational mod-
ification after fluctuations in glucose availability. During dis-
tinct situations, glutamine may become limiting as well.
O-GlcNAcylation of myocardial proteins has been shown to
influence many of the same processes as the cardiomyocyte
circadian clock. These include myocardial gene expression,
metabolism, and contractile function as well as cardiac hyper-
trophic growth and ischemia/reperfusion tolerance (19–21).
Collectively, these observations (i.e. nutrient sensitivity and
overlapping functions) led us to hypothesize that an interrela-
tionship may exist between the circadian clock and protein
O-GlcNAcylation. Consistent with this hypothesis, total cellu-
lar protein O-GlcNAc levels vary in a time-of-day-dependent
manner in wild-type hearts, which is absent when the car-
diomyocyte circadian clock is genetically ablated (i.e. CCM
hearts; Figs. 1B and 2A). Diurnal rhythms in protein
O-GlcNAcylation appeared to be orchestrated by the car-
diomyocyte circadian clock through coordinated regulation of

FIGURE 7. Influence of OGA inhibition on circadian rhythms in luciferase
for SCN isolated from Per2::Luc transgenic mice; representative raw data
(gray line indicates predicted oscillation, black circles represent data
obtained; A) and calculated phase shifts (B). SCN cultures were treated
with vehicle (water) or PUGNAc (50 �M) either during the subjective day or
subjective night, after which the effects on the phase of luminescence oscil-
lations were determined (i.e. phase shift). PUGNAc challenge during the sub-
jective night resulted in phase advances, whereas PUGNAc challenge during
the subjective day had no effects on phase. Data are shown as the mean � S.E.
for between three and eight separate SCNs within each group. $, p � 0.05 for
a PUGNAc treated versus vehicle at a distinct time in the circadian cycle.
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OGT (and OGA to a lesser extent) as well as carbon availability
for the hexosamine biosynthetic pathway (Fig. 2, B and C). The
latter includes increased endogenous glutamine synthesis
potential (via GLUL) as well as increased oxidative and non-
oxidative glucose metabolic flux during the middle of the dark/
active period (Fig. 3).
Previous studies have established that circadian clocks influ-

ence glucose metabolism (both utilization and production)
(44–48).Many of these studies have relied onmousemodels of
genetic manipulation of circadian clock components in a ubiq-
uitous fashion, leading to questions regarding the relative roles
of cell type-specific circadian clocks. Through measurement of
diurnal variations in metabolic fluxes in WT and CCM hearts,
these studies show that a cell autonomous clock directly regu-
lates both oxidative and non-oxidative utilization of glucose in
a time-of-day-dependent manner. Subsequent mechanistic
studies (Fig. 3) are consistent with the hypothetical model in
Fig. 8 wherein clock-mediated regulation of glucose transport,
potentially through AMPK, plays a pivotal role. An underlying
role for circadian clocks is to provide the selective advantage of
anticipation (49). This leads to speculation that clock-mediated
increases in myocardial glucose metabolism during the active
phase is in anticipation of increased workload at this time (due
to increased physical activity as the animal in the wild forages

for food and/or avoids predation). Indeed, the heart specifically
generates extra ATP required for contraction in response to
increased workload from glucose as opposed to fatty acids (50).
To our knowledge, these studies provide the first direct evi-
dence in support of the concept that a peripheral cell autono-
mous circadian clock directly regulates glucose transport.
Studies originating from a number of laboratories have

recently highlighted NAD as an integral component in the
mammalian circadian clock (40, 41). NAD levels oscillate in
several tissues (including the heart) in a clock-dependent man-
ner via regulation of NAMPT (nicotinamide phosphoribosyl-
transferase) (13, 51, 52). NAD levels can in turn influence the
timing of the circadian clock through post-translational modi-
fications. For example, the transcription factor Clock possesses
acetylase activity and has been shown to acetylate Bmal1, sub-
sequently influencing DNA binding (41). This event is reversed
by Sirt1, an NAD-dependent deacetylase (41). Similarly, ADP-
ribosylation and subsequent inactivation of Bmal1 is catalyzed
by an NAD-dependent ribosyltransferase (42). This raised the
possibility that NAD mediates clock controlled diurnal varia-
tions in protein O-GlcNAcylation. Consistent with this possi-
bility, NAD levels peak in the rodent heart in the middle of the
dark phase (when protein O-GlcNAcylation peaks; Figs. 4 and
1, A and B), and NAD levels are low in CCM hearts (as are

FIGURE 8. Hypothetical model for the interaction between myocardial metabolism, protein O-GlcNAcylation, and the cardiomyocyte circadian clock.
Genes/proteins within black boxes are considered cardiomyocyte circadian clock regulated.
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protein O-GlcNAcylation levels; Figs. 4B and 2A). However,
Fig. 4 shows that challenging cardiomyocytes with NAD leads
to a concentration- and time-dependent decrease in protein
O-GlcNAcylation, which is not consistent with the notion that
NAD directly promotes protein O-GlcNAcylation during the
dark/active phase. Interestingly, the negative effects of NAD on
protein O-GlcNAcylation are rapid and independent of
changes in either OGT or OGA protein levels, raising the pos-
sibility that this co-enzyme affects one or more of the enzymes
in theHBP. A link betweenNAD andO-GlcNAcylation has not
been established previously and clearly requires further
investigation.
This study reports that total protein O-GlcNAcylation

exhibits a diurnal variation in the wild-type mouse, peaking in
the middle of the dark phase with an amplitude (i.e. peak-to-
trough ratio) of �1.5-fold (Figs. 1B, 2A, and 6A). The potential
biological significance of these observations is highlighted from
multiple previously published studies. For example, Laczy et al.
(53) have recently reported that an approximate 1.5-fold
increase in protein O-GlcNAc levels in the heart is associated
with a significant decrease in carbohydrate oxidation and an
increase in fatty acid oxidation. Animal models of type 2 diabe-
tes mellitus as well as streptozotocin-induced diabetes mellitus
exhibit modest increases in protein O-GlcNAcylation in the
heart (�1.2–1.4-fold), and overexpression of O-GlcNAcase
normalizes both cardiac protein O-GlcNAcylation levels and
contractile abnormalities associated with diabetes (54, 55).
Similarly, Zachara et al. (56) have shown that heat shock
increases protein O-GlcNAc levels by �1.5-fold and that pre-
vention of this post-translational modification response
increased heat shock-induced cell death. Collectively, these
observations suggest that the diurnal variations in total protein
O-GlcNAcylation reported here have the potential to pro-
foundly influence cardiac biology.
Given that the circadian clock influenced protein

O-GlcNAcylation, it seemed logical to investigate whether this
post-translational modification in turn influences the circadian
clock. Indeed, as highlighted above, several nutrient-based
mechanisms have been identified previously as modulators of
the circadian clock mechanism. Consistent with the concept
thatO-GlcNAcylation influences the circadian clock, we found
that at least two core clock components, namely PER1 and
BMAL1, are O-GlcNAc-modified (Fig. 5A); more definitive
mass spectroscopic determination of the specific sites of mod-
ification will be the subject of future studies. In the case of
Bmal1, we observed trends for time-of-day-dependent varia-
tions inmyocardial Bmal1O-GlcNAcylation, whichwere in the
same phase as total cellular protein O-GlcNAcylation (Figs. 5B
and 1B, respectively). Consistent with this post-translational
modification influencing circadian clock function, we found
that a pharmacologically induced acute increase in protein
O-GlcNAcylation results in lower PER2 protein levels in the
heart (Fig. 6) as well as time-of-day-dependent alterations in
bmal1 gene expression (Fig. 6). Although our current study
does not suggest that PER2 is directlyO-GlcNAc-modified, this
protein is known to be regulated by additional post-transla-
tional modifications, such as phosphorylation and ubiquitina-
tion (consistent with the multiple bands observed on the PER2

immunoblot; Fig. 6B) (57). Whether alterations in cellular
O-GlcNAcylation in turn influence PER2 phosphorylation/
ubiquitination requires future elucidation. However, to inves-
tigate the novel relationship between the circadian clock and
O-GlcNAcylation further, we next utilized SCN slices isolated
from Per2::Luc mice (allowing central clock function monitor-
ing in real time). Challenging SCN slices with the OGA inhibi-
tor PUGNAc during the subjective night resulted in phase
advances (an effect that is comparable with light; Fig. 7). Col-
lectively, these observations are consistent with the hypothesis
that protein O-GlcNAcylation is a novel post-translational
mechanism influencing the timing of themammalian circadian
clock.
In summary, this study has exposed protein O-

GlcNAcylation as a novel molecular link between the car-
diomyocyte circadian clock and myocardial metabolism. The
cardiomyocyte clock influences total proteinO-GlcNAcylation
in the heart through coordinated changes in OGT and OGA
levels as well as substrate supply for the HBP. Furthermore,
protein O-GlcNAcylation in turn influences the circadian
clock. This relationship likely extends beyond themyocardium,
as evidenced byO-GlcNAc modification of BMAL1 in the liver
as well asmodulation of SCN clock function by theOGA inhib-
itor PUGNAc. We speculate that protein O-GlcNAcylation
may not only mediate several of the effects of circadian clocks
on cellular function, but chronic changes in this post-transla-
tional modification may account for alterations in clock func-
tion during various metabolic disease states.
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