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Abstract Changes in the levels of O-linked N-acetyl-
glucosamine (O-GIlcNAc) on nucleocytoplasmic pro-
tein have been associated with a number of age-related
diseases such as Alzheimer’s and diabetes; however,
there is relatively little information regarding the impact
of age on tissue O-GlcNAc levels. Therefore, the goal of
this study was to determine whether senescence was
associated with alterations in O-GIcNAc in heart, aorta,
brain and skeletal muscle and if so whether there were
also changes in the expression of enzymes critical in
regulating O-GIcNAc levels, namely, O-GlcNAc trans-
ferase (OGT), O-GlcNAcase and glutamine:fructose-6-
phosphate amidotransferase (GFAT). Tissues were
harvested from 5- and 24-month old Brown-Norway
rats; UDP-GIcNAc, a precursor of O-GIcNAc was
assessed by HPLC, O-GlcNAc and OGT levels were
assessed by immunoblot analysis and GFAT1/2, OGT,
O-GIcNAcase mRNA levels were determined by RT-
PCR. In the 24-month old animals serum insulin and
triglyceride levels were significantly increased com-
pared to the 5-month old group; however, glucose levels
were unchanged. Protein O-GIcNAc levels were
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significantly increased with age (30—107%) in all tissues
examined; however, paradoxically the expression of
OGT, which catalyzes O-GIcNAc formation, was
decreased by ~30% in the heart, aorta and brain. In
the heart increased O-GIcNAc was associated with
increased UDP-GIcNAc levels and elevated GFAT
mRNA while in other tissues we found no difference in
UDP-GIcNAc or GFAT mRNA levels. These results
demonstrate that senescence is associated with
increased O-GlcNAc levels in multiple tissues and
support the notion that dysregulation of pathways
leading to O-GlcNAc formation may play an important
role in the development of age-related diseases.
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Abbreviations

AD Alzheimer disease

AP Chlatrin assembly protein

EC Excitation-contraction coupling

eNOS Endothelial nitrogen oxide synthase

FFA Free fatty acid

GFAT Glutamine: fructose-6-phosphate
amidotransferase

GLUT Glucose transporter

GSK Glycogen synthase kinase

HBP Hexosamine biosynthesis pathway
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HDL High density lipoprotein

IRS Insulin receptor substrate

O-GlcNAc  O-linked N-acetylglucosamine

OGA N-acetylglycosidase, O-GlcNAc-ase

OGT O-glucoronyl transferase, O-GIcNAc
transferase

PCA Perchloric acid

PUGNAc O-(2-Acetamido-2-deoxy-D-

glucopyranosylidene)amino N-phenyl

carbamate
STZ Streptozotocin
UDP- Uridine diphospho-N-acetyl-
GalNAc galactosamine
UDP- Uridine diphospho-N-acetyl-
GIcNAc glucosamine
UDP- Uridine diphospho-N-acetyl-
HexNAc hexosamine
ZDF Zucker diabetic fatty
Introduction

The addition of O-linked N-acetylglucosamine
(O-GIcNACc) to the serine and threonine residues of
proteins, known as protein O-glycosylation is a
highly dynamic posttranslational modification similar
to phosphorylation (Haltiwanger et al. 1990; Haltiw-
anger et al. 1992; Gao et al. 2001; Hanover 2001;
Wells et al. 2001; Vosseller et al. 2002a; Whelan and
Hart 2003). Unlike other glycosylation processes O-
glycosylation is specific to the nucleus and the
cytosol and does not occur in the Golgi or the
endoplasmic reticulum (Torres and Hart 1984; Holt
and Hart 1986). It is increasing recognized that
alterations in O-GlcNAc levels play an important role
in regulating signal transduction pathways (Zachara
and Hart 2004; Love and Hanover 2005; Buse 2006;
Slawson et al. 2006; Zachara and Hart 20006).
Numerous proteins have been shown to be subject
to O-GlcNAc modification, including cytoskeletal
proteins, transcription factors, metabolic enzymes,
kinases/phosphatases, chaperons, nuclear hormone
receptors and proto-oncogenes (Wells et al. 2003;
Zachara and Hart 2004; Love and Hanover 2005;
Davidoff 2006; Zachara and Hart 2006). O-GIcNAc
has been shown to modify enzyme activity (Du et al.
2001; Federici et al. 2002), protein-protein interac-
tion (Roos et al. 1997; Han et al. 1998), half life of
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proteins (Han et al. 1998), subcellular localization
(Duverger et al. 1996) and transcription (Gao et al.
2003). It has also been shown that O-glycosylation
and phosphorylation can be reciprocal on some
proteins (e.g., c-myc (Chou et al. 1995), estrogen
receptor-f§ (Cheng et al. 2000), eNOS (Du et al.
2001)) .

In contrast to the more than 500 kinases regulating
phosphorylation (Manning et al. 2002) there is a
single gene encoding O-GlcNAc transferase (Kreppel
et al. 1997; Kreppel and Hart 1999), the enzyme
catalyzing the addition of N-acetylglucosamine to the
Ser/Thr residues of proteins. Recently, Whisenhunt
and colleagues demonstrated that OGT directly asso-
ciates with O-GlcNAcase (Whisenhunt et al. 2006),
the other enzyme regulating the removal the single
N-acetylglucosamine moiety from the O-GlcNAc
modified proteins (Dong and Hart 1994). However,
the regulation of the activity these enzymes is
complex and not yet fully understood. It is known
that OGT is very sensitive to UDP-N-acetylglucos-
amine (UDP-GIcNAc) concentrations (Haltiwanger
et al. 1992), which is the endproduct of the hexosa-
mine biosynthesis pathway (HBP). The rate limiting
enzyme of this pathway is glutamine: fructose
6-phospate amidotransferase (GFAT), which cata-
lyzes the formation of glucosamine 6-phosphate from
fructose 6-phosphate with glutamine as the amine
donor (Kornfeld 1967).

A number of studies have reported that acute
activation of pathways leading to O-GlcNAc forma-
tion are cytoprotective (Zachara et al. 2004; Liu et al.
2006). However, in contrast to the beneficial aspects
of acute increases in O-GlcNAc levels, sustained
increases in O-GIcNAc have been associated with the
pathogenesis of diseases, such as cancer (Chou et al.
1995), neurodegenerative diseases (Hanover 2001;
Wells et al. 2003; Love and Hanover 2005) as well as
diabetes and diabetic complications (Zachara and
Hart 2004; Love and Hanover 2005; Buse 2006;
Zachara and Hart 2006; Fulop et al. 2007a). How-
ever, despite the potential importance of O-GlcNAc
in the development of age-related diseases, relatively
little is known about the impact of aging on the
regulation of O-GIcNAc levels. Rex-Mathes et al.
reported age-dependent changes in O-GIcNAc in
mouse brain (Rex-Mathes et al. 2001), which were
characterized by a significant increase between 3 and
7 months of age and a subsequent decline up to
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13 months. We recently found that in rats, between
adolescence (6 week old) and young adult (22 week
old), there was a significant decrease in O-GlcNAc
levels in the heart that was associated with reduced
OGT expression (Fulop et al. 2007b).

Thus, while data indicate that OGT and O-GIcNAc
levels change with age there is no information
regarding the development of senescence on tissue
O-GIcNAc levels in otherwise healthy animals.
Therefore, we investigated the effect of aging on
the HBP, O-GIcNAc levels and on the expression of
the regulating enzymes in the cardiovascular system,
brain and skeletal muscle from 5 and 24 month old
Brown Norway rats.

Methods
Animals

Animal experiments were approved by the University
of Alabama Institutional Animal Care and Use
Committee and conformed to the Guide for the Care
and Usage of Laboratory Animals published by the
National Institutes of Health (NIH Publication No.
85-23, 1996). Non-fasted, 5 (n = 5) and 24 month
old (n =5), male Brown Norway rats (National
Institute of Aging, NIH) were used.

Materials

All chemicals were purchased from Sigma-Aldrich

unless otherwise stated.

Analysis of serum metabolites

Blood samples were collected immediately after
decapitation from all animals. Serum glucose, insulin,

lipid and free fatty acid levels were measured as
previously described (Wang and Chatham 2004).

Real time RT-PCR analysis

RNA was extracted from tissues using TRIzol (Invit-
rogen Corp, Carlsbad, CA), treated with DNA-ase I to
remove genomic DNA, purified using an RNA purifi-
cation kit (Invitrogen), and reverse transcribed to
cDNA using the SYBR Green RT-PCR kit (Applied
Biosystems, Foster City, CA) and specific primers as
described in Table 1. cDNA was amplified by PCR in
the iCycler for 40 cycles, and relative RNA levels were
calculated using the iCycler software and a standard
equation (Applied Biosystems) and normalized using
GAPDH mRNA. Results were standardized to the
mean value of the 5 month-old group.

Immunoblot analysis

Hearts, abdominal aorta, liver, brain and skeletal muscle
(m. gluteus) were freshly isolated and ground to a fine
powder under liquid nitrogen and homogenized in
T-PER (Pierce) containing 5% protease inhibitor cock-
tail, 40 pmol/l PUGNACc (Carbogen), I mmol/l sodium-
orthovanadate and 20 mmol/l sodium-fluoride on ice
and centrifuged for 10 min at 15000xg. The protein
concentration of the supernatant was measured using
Bio-Rad Protein Assay Kit. Tissue lysates were sepa-
rated on 7% or 10% SDS-PAGE and transferred to
PVDF membrane (Pall). Equal loading of protein was
confirmed by Sypro Ruby staining (Bio-Rad) on the
membranes. Blots were probed with the appropriate
antibody in casein blocking buffer. Anti-O-GIcNAc
antibody, CTD110.6 (a kind gift of Mary-Ann Ac-
cavitti), anti-OGT (SQ-17, Sigma) antibodies were used.
Blots were visualized with enhanced chemiluminescent

Table 1 Specific primers
for GAPDH, GFATI,
GFAT2, OGT and OGA

Gene Primer sense sequence

Primer antisense sequence PCR product,

bp

GAPDH TGGTCCAGGGTTTCTTACT

ATTCTTCCACCTTTGATGC 151

GFATI GCCAGCGACTTCTTGGATAG AAGACCCATCAGGGTGTCAG 99
GFAT2 CCACAGCGTTCAGACAAAGA CTCAAACTCGTAGCCCTTGC 108

OGT ACAGCTCTTCGTCTGTGTCC

AGCAAACTCTGGGAAGACCT 134

OGA AGCCAACTATGTTGCCATCC AGTCATCACCACGTCCTTCC 82
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assay (Pierce) and the signal was detected with UVP
BioChemi System (UVP). Densitometry was quantified
using Labworks analysis software (UVP).

HPLC analysis

Approximately 50 mg of frozen tissue powder was
homogenized in 1 mlice-cold 0.3 mol/l perchloric acid
and centrifuged for 15 min at 15000x g at 4°C. PCA
was removed from the supernatant with 2 volumes of
1:4 trioctylamine:1,1,2-trichloro-trifluoroethan mix-
ture. Samples were loaded on Partisil 10 SAX column
(Beckman), nucleotide sugars were measured at
262 nm using 2 ml/min flow rate and linear salt and
pH gradient from 5 to 750 mmol/l (NH4)H,PO, and
from pH 2.8 to 3.7 (Robinson et al. 1995). This method
cannot separate UDP-GIcNAc from UDP-N-acetyl
galactosamine so the results are presented as the sum
of UDP-GIcNAc and UDP-GalNAc; however in the
heart the ratio of UDP-GIcNAc to UDP-GalNAc is
approximately 3:1 (Clark et al. 2003).

Statistical analysis

Data are presented as means + standard errors. Differ-
ences between experimental groups were evaluated with
Student’s #-test for unpaired data. Statistical significant
differences between groups were defined as P values
<0.05 and are indicated in the legends of figures.

Results
Animal characteristics
Body weight, heart weight, serum glucose, insulin, lipids

and free fatty acid levels in the 5 and 24- month-old
animals are summarized in Table 2. Body weight, heart

weight and serum insulin levels were significantly
increased in the 24-month group. There was no differ-
ence in the heart weight: body weight ratio; however,
since Brown-Norway rats exhibit increased adiposity and
decreased lean body mass (Wolden-Hanson et al. 1999;
Feely et al. 2000; Pausovaet al. 2003) we cannot rule out
the possibility that the ratio of heart weight to lean body
mass could be increased in the 24 month group.
Although triglyceride levels were increased by ~45%
this difference was not statistically significant
(P = 0.068). There were no changes in cholesterol,
HDL or FFA levels with age.

Tissue O-GlcNAc levels

Anti-O-GlcNAc immunoblots from heart, aorta, brain
and skeletal muscle from 5 and 24-month groups are
shown in Figs. la, d and 2a, d. In the heart overall
O-GlcNAc levels were increased ~2-fold in the 24-
month group (Fig. 1b); the pattern of O-GlcNAcylated
proteins was also altered, with several protein bands
appearing below 50 kDa molecular weight (Fig. 1a). In
the abdominal aorta overall O-GIcNAc levels were
increased ~50% in the 24-month group (Fig. le);
however, there were no marked changes in the pattern
of O-GlcNAc modified proteins. In the brain O-GIcNAc
levels increased ~ 30% in the 24-month group compared
to the 5-month group (Fig. 2b) and we observed the
appearance of anew O-GIcNAc band at around 80 kD as
indicated by the arrow in Fig. 2a. In skeletal muscle there
was also a significant increase in overall O-GIcNAc
(Fig. 2e) and we also found an approx. 50 kDa band
appearing in the 24-month group (Fig. 2d).

OGT and O-GlcNAcase

To better understand the factors contributing to the
increase in O-GIcNAc levels we examined OGT and

Table 2 Body-, heart weight and serum parameters of fed 5 and 24 month old Brown-Norway rats

Body Heart Heart/ Glucose
wt (g) wt (g) body wt (mM)
(mg/g)

Cholesterol HDL TG FFA
(mM) (mM)

Insulin

(mg/dl) (mEq/1) (ng/ml)

5 month 333.8 £+ 4.7

089 +£002 27+01 94£04 225+£023 084 £0.02 1.1 £0.2 0.17 £ 0.02 0.51 &+ 0.04

24 month 507.6 +20.7° 1.82 £ 0.18 324+ 0.7 7.5 4 0.1* 2.86 &+ 0.11 0.85+£0.03 1.6 + 0.1 0.18 £ 0.06 2.08 + 0.36*

* P < 0.05 versus 5 month group. HDL = high density lipoproteins; TG = triglycerides; FFA = free fatty acids
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Fig. 1 Anti O-GlcNAc and Heart Aorta
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0-GlcNAcase mRNA levels in heart, brain and
skeletal muscle (Table 3). We found that with age
O-GlcNAcase mRNA levels were significantly
increased in the heart in the 24-month group, whereas
OGT mRNA levels were unchanged (Table 3). There
were no changes in OGT or O-GlcNAcase mRNA in
brain or skeletal muscle with age. There is no readily
available O-GIcNAcase antibody; therefore, we were
only able to determine OGT protein levels. We found
that OGT protein levels were significantly decreased
in heart, aorta and brain, and unchanged in skeletal
muscle (Fig. lc, f; 2c, f).

Hexosamine biosynthesis pathway

The decrease in OGT protein levels and the increase
in O-GlcNAcase mRNA described above is more

consistent with a decrease in overall O-GIcNAc
levels, rather than the increase seen in the 24-month
group. Therefore, we examined GFAT1 and GFAT2
mRNA levels and UDP-GlcNAc levels in heart, brain
and skeletal muscle to determine whether increased
HBP activity could account for the increase in
O-GIcNAc. In the heart, mRNA levels of GFATI
and GFAT2 were markedly increased in the
24-month group compared to the 5 month old (Fig. 3a);
however, the increase in GFAT1 was not significant
(p = 0.14). Unfortunately, because there is no readily
available antibody against GFAT we were not able to
determine whether there were also changes in GFAT
protein levels. However, consistent with an increase
in GFAT mRNA levels and the increase in
O-GlcNAc, UDP-HexNAc levels were significantly
higher in hearts from 24-month old rats (Fig. 3a). In
skeletal muscle there was no change in GFAT1 mRNA;
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Fig. 2 Anti O-GlcNAc and A Brain
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Table 3 OGT and OGA mRNA levels determined by real- Discussion

time RT-PCR of the 5 and 24-month old heart, skeletal muscle
and brain

OGT OGA

5 month 24 month 5 month 24 month

Heart 100 £ 7 112 £35 100 £ 11 148 £ 16*
Skeletal muscle 100 £ 17 97 £ 20 100 &£ 10 131 £+ 24
Brain 1006 107+11 100£6 105+9

* P < 0.05 versus 5 month group

however, there was ~2-fold increase in GFAT2
mRNA (p = 0.22) (Fig. 3c). Skeletal muscle UDP-
HexNAc levels were not significantly different between
5 and 24-month groups. In the brain there were no
changes in GFATI1, GFAT2 or UDP-GIcNAc levels
between 5 and 24-month groups (Fig. 3b).
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There is increasing recognition that O-GlcNAc
modification of serine and threonine residues on
cytosolic and nuclear proteins is an important regu-
latory mechanism involved in signal transduction
(Zachara and Hart 2004; Love and Hanover 2005;
Buse 2006; Slawson et al. 2006; Zachara and Hart
2006) and changes in O-GlcNAc levels have been
implicated in the development of age-related dis-
eases. Rex-Mathes etal. showed aged related
changes in O-GIlcNAc in the mouse brain between
3 and 13 months of age (Rex-Mathes et al. 2001) and
we have reported a decrease in O-GIcNAc and OGT
expression in the heart between 6 and 22 weeks of
age (Fulop et al. 2007b). We show here for the first
time that, in senescent rats compared to young adult
rats, O-GIcNAc levels in heart, aorta, brain and
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skeletal muscle were significantly increased. How-
ever, paradoxically the protein levels of OGT, which
catalyzes O-GIcNAc synthesis, were significantly
decreased with senescence. The increased O-GIcNAc
levels in the heart were associated with increased
levels of GFAT2 mRNA and increased UDP-Hex-
NAc concentration, consistent with increased HBP
activity. However, no such changes were seen in
brain or skeletal muscle. Taken together these results
support the notion that aging is associated with
dysregulation of the pathways involved in regulating
O-GIcNAc levels and this may be a contributing
factor to the increased prevalence of age-related
diseases such as diabetes, cancer or neurodegenera-
tive disease.

Regulation of O-GIcNAc levels is complex and
remains poorly understood, being dependent on the
activity and expression levels of OGT and O-GIcNA-
case, which catalyze O-GIcNAc synthesis and removal
respectively. OGT is very sensitive to UDP-GIcNAc
concentrations; the K,, value for UDP-GIcNAc of

OGT is one of the lowest among galactosyltransferas-
es. This gives OGT a competitive advantage over the
UDP-GIcNAc transporters (Haltiwanger et al. 1992),
which are responsible for moving UDP-GIcNAc from
the cytosol to the Golgi apparatus or to the endoplasmic
reticulum. UDP-GIcNAc is a product of the HBP and
has been shown to be increased in hearts from both
type-1 and type-2 diabetic rats (Clark et al. 2003;
Fulop et al. 2007b), in which O-GlcNAc levels were
also increased. Flux through the HBP is regulated in
part by GFAT and we found here that in the heart
GFAT2 mRNA levels were increased ~ 3 fold and this
was also associated with a significant increase in UDP-
GlcNAc levels in the heart. Thus, in the heart the
increase in O-GlcNAc levels in the 24-month group,
could be attributed at least in part by increased HBP
flux.

Surprisingly, however, there were no significant
changes in either GFAT mRNA or UDP-GIcNAc
levels in either brain or skeletal muscle, despite the
fact that O-GIcNAc levels were significantly
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increased in the 24-month group. The increase in
O-GlcNAc levels in brain and skeletal muscle were
more modest (~30-40%) than those in heart (~2-
fold increase), which suggests that the heart is more
susceptible to the age-dependent increases in HBP
and O-GIcNAc. It is also important to note, that while
UDP-GIcNAc levels are frequently used as a surro-
gate marker for HBP flux, the levels will only
increase under conditions where the rate of synthesis
is greater that the rate of consumption via OGT and
other pathways. Thus, a modest increase in HBP flux
if matched by an increase in flux through OGT, could
lead to an increase in O-GlcNAc levels without any
change in UDP-GIcNAc levels. Similarly, a lack of
change in GFAT mRNA levels does not necessarily
indicate that GFAT protein levels or GFAT activity
are unchanged. It should be noted that the GFAT
activity can be modulated by PKA-mediated phos-
phorylation (Chang et al. 2000); thus, an increase in
HBP flux could occur in the absence of any change in
GFAT mRNA or protein. Clearly further studies are
warranted to better understand the effect of age of the
regulation of the HBP.

While the effect of age on GFAT mRNA and
UDP-GIcNAc levels were variable between tissues,
with the exception of skeletal muscle, we found a
significant decrease in OGT expression levels in all
tissues examined. Somewhat surprisingly however,
despite the decrease in protein there was no change in
OGT mRNA levels. Marshall et al reported that the
turnover of OGT is relatively slow, suggesting that
changes in OGT expression do not play a role in the
short term regulation of O-GIcNAc (Marshall et al.
2005). O-GlcNAcylation of proteins has been
reported to regulate translation (Comer and Hart
2000) and to modify the half life of proteins (Han
et al. 1998). Since, OGT is also known to be a target
of O-glycosylation (Kreppel et al. 1997), the lower
OGT protein levels in the 24 month old animals
could be due to enhanced degradation. Alternatively,
there is also a growing appreciation of the role of
microRNA in the post-transcriptional regulation of
protein expression, which may occur via inhibition of
target mRNA translation after the translation initia-
tion step (Jackson and Standart 2007). Thus,
microRNAs can decrease translation of specific
proteins, without affecting mRNA abundance. While,
it remains to be determined whether OGT expression
is modulated by mircoRNA, it has been proposed that
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dysregulation of microRNAs could contribute to age-
dependent diseases (Wang 2007).

The decrease in OGT expression is also at odds
with the increase in O-GIcNAc levels seen in the
same tissues; however, as noted above the regulation
of O-GIcNAc levels is complex and poorly under-
stood. Other factors such as decreased O-GlcNAcase
activity could contribute to an increase in O-GIcNAc;
although this would seem to be contradicted by the
increase in O-GlcNAcase mRNA in the heart. On the
other hand, as seen with OGT, changes in mRNA do
not necessarily reflect protein levels and unfortu-
nately, the lack of a commercially available
O-GlcNAcase antibody, precluded determination of
O-GlcNAcase protein levels in these experiments.
Nevertheless, it should also be noted that in hearts
from diabetic mice there was an increase in
0-GlcNAcase mRNA despite an overall increase in
O-GIcNAc levels (Hu et al. 2005). These contradic-
tory changes in O-GlcNAc, mRNA and protein levels
seen with age, emphasize our limited understanding
of the regulation of these pathways and highlight the
need for the development of new techniques designed
to quantify rates of O-GIcNAc synthesis and degra-
dation in intact cells and tissues.

Increased levels of O-GlcNAc are associated with
the development of insulin resistance and diabetes
(Zachara and Hart 2004; Love and Hanover 2005;
Buse 2006; Zachara and Hart 2006; Fulop et al.
2007a). For example, in cultured adipocytes
increased levels of O-GlcNAc resulted in impaired
insulin-signaling and insulin stimulated glucose
uptake (Vosseller et al. 2002b). (Park et al. 2005).
Furthermore, Akimoto et al showed that in Goto-
Kakizaki rats the development of insulin resistance
was associated with increased O-GlcNAc in pancre-
atic islets (Akimoto et al. 2007). It is noteworthy that
in the 24-month old rats not only were tissue
O-GIcNAc levels increased, but the animals were
also markedly insulin resistant as evident by the ~4-
fold increase in serum insulin levels. This is consis-
tent with reports of impaired glucose tolerance and
decreased insulin sensitivity associated with aging
(Basu et al. 2003; Burattini et al. 2006), which could
exacerbate the imbalance between death and survival
signals and contribute to increased apoptosis and cell
loss associated with aging and senescence (Zhang and
Herman 2002). It is important to note that, while
tempting to suggest that the increase in skeletal
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muscle O-GIcNAc is causative in the development of
insulin resistance seen with aging, such a relationship
cannot be established from these data. It is also
possible that if in the 24-month group, the heart
retained a higher level of insulin sensitivity relative to
other tissues this could contribute to greater increase
in UDP-GIcNAc and O-GIcNAc levels in heart.
However, it should be noted that in adipocytes,
insulin alone had no direct effect on increasing HBP
metabolites (Traxinger and Marshall 1991).

In the heart increased HBP flux and O-GlcNAc
levels have been associated with impaired function,
particularly in the context of diabetes. For example,
we found that a brief period of streptozotocin (STZ)-
induced diabetes and acute glucosamine treatment,
interventions known to increase HBP flux and
O-GIcNAc levels in the heart, blunted the inotropic
response of the isolated perfused heart to phenyleph-
rine, (Pang et al. 2004). Clarke et al. demonstrated
that in neonatal cardiomyocytes increasing protein
O-GlcNAc levels either by hyperglycemia or gluco-
samine treatment resulted in impaired SR function
(Clark et al. 2003). Subsequently, Hu et al. showed
that increased O-GIcNAcase expression improved
whole heart function in diabetic mice (Hu et al.
2005). We have recently reported that in type-2
diabetic animals increased O-GIcNAc levels were
associated with impaired cardiomyocyte EC-coupling
(Fulop et al. 2007b). It is also intriguing to note that a
contributing factor to impaired diastolic function in
the aged heart appears to be decreased SERCA
expression, which could be reversed by overexpres-
sion of SERCA (Schmidt-Schweda and Holubarsch
2000). In hearts from diabetic animals, with increased
O-GIcNAc levels, SERCA expression was also
significantly reduced and this was reversed by
overexpression of O-GlcNAcase (Hu et al. 2005).
Thus, the increase in cardiac O-GlcNAc levels seen
here in the 24-month group could be an important
contributing factor to the impaired contractility
associated with the senescent heart (Lakatta 1993).

It is also of interest that pressure overload cardiac
hypertrophy was associated with an increase in
GFAT?2 expression and UDP-GIcNAc levels (Young
et al. 2007), which is very similar to our observations
in the 24 month group. There is evidence of an age
dependent increase in cardiac hypertrophy in Brown
Norway rats (Walker et al. 2006). Although we found
no significant increase in heart weight to body weight

in the 24 month groups (Table 2); this may not be a
good marker of cardiac hypertrophy due to the
increase in adiposity and decrease in lean body mass
seen with age in these animals (Wolden-Hanson et al.
1999; Feely et al. 2000; Pausova et al. 2003). Thus,
the ratio of heart weight to tibia length would be a
more accurate measure of determining the effect of
age on cardiac hypertrophy (Yin et al. 1982). The use
of molecular markers such as mRNA or protein levels
of ANF would also provide additional insight to the
potential contribution of cardiac hypertrophy to the
increase in O-GIcNAc levels seen in the 24 month
group.

While we did not assess cardiac function in this
study, impaired diastolic and systolic function has
been reported with age in Brown-Norway rats
(Walker et al. 2006). Diabetes also leads to impaired
cardiac function and is also associated with increased
O-GIcNAc levels in cardiomyocytes (Fulop et al.
2007b) and the intact heart (Hu et al. 2005);
furthermore, increasing O-GlcNAcase expression in
the heart from diabetic animals decreased O-GIcNAc
levels and improved cardiac function (Hu et al.
2005). However, it should be noted that acute
increases in O-GlcNAc levels induced by glucosa-
mine in the perfused rat heart had no adverse effects
on cardiac function (Fulop et al. 2007c). It is possible
that the different effects of acute versus chronic
increases in O-GlcNAc levels on cardiac function
could be due to modification of different proteins.
However, with diabetes increases in O-GIcNAc levels
were mainly seen in high molecular weight proteins,
while with age we have seen bands appearing below
50 kDa. This observation suggests that pathomecha-
nism of the functional impairment seen in diabetic
animals may be different from those seen with age.

A number of proteins identified as targets for
O-GIcNAc modification are found in the heart,
including cytoskeletal proteins, metabolic enzymes,
and members of signaling pathways (Zachara and
Hart 2004; Love and Hanover 2005; Fulop et al.
2007a). However, to date there has been no compre-
hensive survey of O-GIcNAc modified proteins in the
heart and such extensive experiments were beyond
the scope of this study. However, several nervous
system specific proteins have been shown to be
O-glycosylated and alteration in O-GlcNAc levels of
these proteins have been implicated playing an
important role in  the development of
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neurodegenerative disorders (Hanover 2001; Wells
et al. 2003; Love and Hanover 2005). Changes in
O-glycosylation levels of cytoskeletal proteins such
as neurofilaments and synapsin (Dong et al. 1993;
Cole and Hart 1999; Deng et al. 2008) tau (Arnold
et al. 1996; Lefebvre et al. 2003), f-amyloid precur-
sor (Griffith et al. 1995), clathrin assembly protein 3
(Yao and Coleman 1998b) and AP180 (Yao and
Coleman 1998a) have been implicated in the patho-
physiological mechanisms underlying the develop-
ment of Alzheimer’s disease Furthermore the
chromosomal localization of O-GlcNAcase has been
identified as the locus of Alzheimer disease on the
chromosome 10 (Hanover 2001; Love and Hanover
2005). Increased O-GlcNAc levels have been shown
to inhibit proteasomal function in the brain, which
was associated with increased neuronal apoptosis
(Liu et al. 2004); it was proposed that this may
contribute to neurodegeneration. Thus, the increase in
protein O-GIcNAc levels in the brain in the 24-month
group supports the notion that O-GIcNAc may
contribute to the age related increase in neurodegen-
erative diseases.

The potential consequences of increased
O-GlcNAc in aorta is somewhat less clear; however,
increased HBP flux and O-GIcNAc levels have been
associated with impaired eNOS activity (Du et al.
2001), increased PAI-1 expression (Goldberg et al.
2006) and TGF-B1 expression (Kolm-Litty et al. 1998;
Du et al. 2000; James et al. 2000). Thus, elevated
O-GlcNAc levels in the 24-month old group, could
contribute to the development of impaired vascular
reactivity and increased incidence of atherosclerosis
commonly associated with aging (Marin 1995).

This study is intrinsically descriptive in nature and
definitive conclusions regarding the regulation of O-
GlcNACc levels are hampered by the lack of available
antibodies for GFAT and O-GlcNAcase. Although,
there were some tissue specific differences in GFAT
and O-GIcNAcase mRNA levels, there was a consis-
tent increase in O-GIcNAc with age in all tissues
examined. Therefore, it seems reasonable to propose
that senescence leads to dysregulation of pathways
regulating O-GlcNAc levels resulting in a sustained
increase in O-GlcNAc in multiple tissues. Given that
increased O-GIcNAc levels are associated with
impaired insulin signaling, decreased cardiac func-
tion and increased neuronal loss, the results from this
study support the notion that increased O-GIcNAc

@ Springer

levels may contribute to the development of age
related disease such as diabetes, heart failure and
neurodegenerative diseases. Clearly, further studies
are needed better understand the impact of aging on
the regulation of O-GlcNAc levels and to identify
specific mechanisms by which increased O-GlcNAc
contribute to cellular dysfunction associated with
senescence.
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