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Abstract

The hexosamine biosynthesis pathway (HBP) is a relatively minor branch of glycolysis. Fructose-6-
phosphate is converted to glucosamine-6-phosphate, catalyzed by the first and rate-limiting enzyme,
glutamine:fructose-6-phosphate amidotransferase (GFAT). The major end-product is UDP-N-
acetylglucosamine (UDP-GIcNAC). Along with other aminosugars generated by HBP, it provides
essential building blocks for glycosyl side chains, of proteins and lipids. UDP-GIcNAc regulates flux
through HBP by regulating GFAT activity and is the obligatory substrate of O-GIcNAc transferase.
The latter is a cytosolic and nuclear enzyme, which catalyzes a reversible, post-translational protein
modification, transferring N-acetylglucosamine in O-linkage (O-GIcNAC) to specific serine/
threonine residues of proteins. The metabolic effects of increased flux through HBP are thought to
be mediated by increasing O-GIcNAcylation. Several investigators proposed that HBP functions as
a cellular nutrient sensor and plays a role in the development of insulin resistance and the vascular
complications of diabetes. Increased flux through HBP is required and sufficient for some of the
metabolic effects of sustained , increased glucose flux, which promotes the complications of diabetes,
e.g. diminished expression of sarcoplasmic reticulum Ca 2* - ATP-ase in cardiomyocytes and
induction of TGF-p and plasminogen activator inhibitor —1 in vascular smooth muscle cells,
mesangial cells and aortic endothelial cells. The mechanism was consistent with enhanced O-
GIcNAcylation of certain transcription factors. The role of HBP in the development of insulin
resistance has been controversial. There are numerous papers showing a correlation between
increased flux through HBP and insulin resistance, however the causal relationship has not been
established. More recent experiments in mice overexpressing GFAT in muscle and adipose tissue or
exclusively in fat cells suggest that the former develop in vivo insulin resistance via cross-talk
between fat cells and muscle. While the relationship between HBP and insulin resistance may be
quite complex, it clearly deserves further study in concert with its role in the complications of
diabetes.

Insulin resistance is a hallmark of type 2 diabetes, of uncontrolled type 1 diabetes, of obesity
and the metabolic syndrome (91) and is associated with numerous other conditions, such as
cystic fibrosis, uremia, septicemia, glucocorticoid excess, polycystic ovary syndrome, etc.
Clinically, insulin resistance is defined as the reduced ability of insulin to lower plasma glucose,
which reflects in great part impaired insulin-stimulated glucose transport into tissues, which
express the insulin responsive glucose transporter, GLUT4 (skeletal and heart muscle and
adipocytes). Except for a few rare conditions, the major defect(s) are down-stream of insulin’s
binding to its receptors. Type 2 diabetes is a polygenic disease and several recent, excellent
reviews discuss the insulin receptor signaling cascade and proposed mechanisms of impaired
signal transduction in insulin resistance (57,69,70,72). The propensity to insulin resistance is
likely genetically determined (79), however, the expression of the phenotype is modulated by
various factors including diet, exercise, and ageing.

Sustained hyperglycemia causes insulin resistance in humans (89) and in animal models (67),
which lead to the concept of “glucose toxicity”. The latter accounts for the insulin resistance



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Buse

Page 2

in uncontrolled type 1 diabetes (89). Similarly, sustained elevations of circulatory non-
esterified fatty acids (NEFA) also induce insulin resistance (“lipotoxicity”). Thus, insulin
resistance may represent an adaptive mechanism, which may serve to protect cells from the
deleterious effects of excessive nutrient flux, such as oxidative stress. This would imply the
existence of cellular biochemical sensors, which monitor the flux of nutrients. McGarry first
identified malonyl-CoA as a biochemical sensor, which regulates the switch from fatty acid to
glucose oxidation in the liver (47). Several laboratories have proposed that flux through the
hexosamine synthesis pathway (HSP) may function as a cellular nutrient sensor and play a role
in the development of insulin resistance and the vascular complications of diabetes (4,5,24,
44,66). This review will address the experimental evidence, which supports and questions this
hypothesis and the proposed mechanisms by which the HSP may exert these effects.

A role for excess glucose flux via HSP in insulin resistance was first proposed by Marshall et
alin 1991, based on experiments using isolated rat adipocytes (43). In this system, pre-exposure
of the cells to insulin and high glucose act synergistically to induce resistance of glucose
transport to subsequent acute stimulation by insulin. The insulin resistance develops only if a
complete amino acid mixture or glutamine is present in the medium during preincubation with
high glucose and insulin. The requirement for glutamine suggested the involvement of the HSP
(43).

The HSP is a relatively minor branch of the glycolytic pathway, encompassing ~ 3% of total
glucose utilized (43). (Fig 1). Entry into the HSP is catalyzed by the first and rate limiting
enzyme glutamine: fructose-6-phosphate (F-6-P) amidotransferase (GFAT), which converts
F-6-P and glutamine to glucosamine-6-phosphate (GIcN-6-P) and glutamate. Subsequent steps
metabolize GIcN-6-P to UDP-N-acetylglucosamine (UDP-GIcNAc), UDP-N-
acetylgalactosamine (UDP-GalNAc) and CMP-syalic acid, essential building blocks of the
glycosyl side chains of glycoproteins, glycolipids, proteoglycans and gangliosides. UDP-
GIcNAc is of particular interest because a) quantitatively it is the major end product of the
HSP, b) it is an allosteric feedback inhibitor of GFAT, which regulates glucose entry into the
pathway and c) it is the obligatory substrate of O-GIcNAc transferase (OGT). The latter is a
cytosolic and nuclear enzyme, which catalyzes a reversible post-translational protein
modification, whereby N-acetylglucosamine (GIcNAc) is transferred in O-linkage to specific
serine/threonine residues of numerous proteins (37,42). The sites of O-GIcNAc modification
(O-GlcNAcylation) are often identical or adjacent to known phosphorylation sites, suggesting
a regulatory function (14). Functional significance of O-GIcNAcylation has been reported for
several proteins (85), including the transcription factors Spl (16,26,65,78,86), c-myc (34),
CREB (40), Stat 5 (21), and PDX-1 (18), as well as cytosolic and nuclear enzymes, e.g.
glycogen synthase (54,55) and RNA polymerase Il (14). Of particular interest in the context
of insulin resistance is that insulin receptor substrates (IRS)-1 and 2 (1,17,56,77) and probably
also GLUT 4 (8) are subject to O-GIcNAcylation. While the O-GlcNAc modification of IRS-1
in the references cited was based on immunological methods, an O-GIcNAcylation site on
IRS-1 was recently identified by mass spectrometry (2). The reversible, O-GIcNAc
modification of proteins has been suggested by many investigators as a mechanisms by which
increased HSP activity could cause insulin resistance and the complications of diabetes.

There is considerable evidence indicating that increased activity of the HSP can cause insulin
resistance in cell culture models and in rodents in vivo. In the model mentioned above, where
sustained exposure to high glucose in the presence of insulin caused insulin resistance in
adipocytes, treatment of the cells with inhibitors of GFAT activity prevented this effect.
Furthermore, glucosamine, (GIcN) which enters the HSP bypassing GFAT, also caused insulin
resistance but at much lower doses than glucose. The effect of GIcN infusions on the
development of insulin resistance in rodents, undergoing insulin clamp studies has been
extensively studied (3,56,68). Rossetti reported in 1995, that infusion of GIcN increased the
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concentrations of UDP-GIcNAc in muscle, and markedly decreased insulin stimulated total
body glucose utilization in healthy control, but not in diabetic rats, which were already insulin
resistant (68). Previous studies had demonstrated that in vitro treatment of isolated muscles
with GIcN inhibited the insulin response of glucose transport, without affecting insulin receptor
and GLUT4 expression (62). Sustained hyperglycemia, which causes insulin resistance, also
increased UDP-HexNAc concentrations in muscles (63). The insulin resistance, which
develops in rats infused with lipid emulsions is also associated with increased UDP-GICNAC
in muscle, presumably reflecting impaired glycolytic flux distal to fructose-6-P resulting in
increased flux via HSP (28). Based on various clamp studies, Hawkins et al. proposed that the
UDP-GIcNACc concentration in skeletal muscle may modulate the insulin responsiveness of
glucose transport (27,28). However, this conclusion has been questioned by Choi et al. (12),
who found that increasing circulating free fatty acids induces peripheral insulin resistance
without concomitant increases in the concentrations of UDP-GIcNAc or UDP-GalNAc in
muscle.

Mice overexpressing GLUT1 in muscle exhibit chronically increased muscle glucose flux,
increased muscle glycogen, mild fasting hypoglycemia without significant changes in
circulating insulin or glucagon. Insulin fails to stimulate glucose transport in the insulin
resistant muscles in vitro, although GLUT4 expression is unchanged.

Other stimuli, which normally stimulate glucose transport, e.g. IGF-1, hypoxia and contractile
activity, are also ineffective in GLUT-1 overexpressing mice (22). UDP-HexNAc
concentrations and GFAT activity are markedly increased in these muscles (9), as well as the
O-GIcNAc modification of numerous membrane associated proteins, which may include
GLUT4 and/or proteins associated with GLUT4 (8), suggesting but not proving that the HSP
may be involved. Other suggestive correlations include that, GFAT activity and UDP-Hex NAc
concentrations are increased in leptin deficient, insulin resistant ob/ob mice (7), while at the
other end of the spectrum, UDP-HexNAc concentrations are reduced in muscles of growth
hormone deficient rats (64) and in rats with chronic caloric restriction and enhanced insulin
sensitivity (20).

In vitro studies from Holloszy’s laboratory make a strong argument against the role of the HSP
in glucose/insulin induced insulin resistance in muscle (35). In this model, isolated
epitrochlearis muscles were incubated for 5 hours with high doses of insulin and either a high
concentration of glucose (36 mM) or normal glucose (5 mM), before glucose transport was
measured. The latter was reduced by 50% in the high glucose treated group and this was
unchanged when the high glucose-induced accumulation of UDP-HexNAc was prevented by
inclusion of a GFAT-inhibitor. (Note that the same GFAT inhibitor reversed glucose-induced
insulin resistance in earlier studies in adipocytes (43).) Incubation with actinomycin-D,
cycloheximide or activation of AMP-activated protein kinase each reversed the high glucose-
induced insulin resistance in the muscle suggesting that a rapidly turning over protein and
dephosphorylation of a transcription factor may be involved (35). In a follow up study they
provide evidence that exposure to GIcN or to high glucose cause insulin resistance in skeletal
muscle by different mechanisms (25). We reached similar conclusions in 3T3-L1 adipocytes
(49,50).

Transgenic mice overexpressing GFAT in skeletal muscle and adipocytes develop peripheral
insulin resistance as they age, as determined by euglycemic insulin clamp studies. GLUT4
expression in muscle is unchanged, and the insulin resistance likely represents defective
translocation of GLUT4 to the muscle cell membrane, or a defect in docking and/or
incorporation of GLUT4 into the plasmalemma of muscle in vivo (15,30). However, upon in
vitro testing, the insulin response of glucose transport of isolated muscles from GFAT
overexpressing, in vivo insulin resistant mice is identical to that of wild type mice (29). When
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GFAT was overexpressed only in adipocytes, the mice developed fat cell hypertrophy,
increased plasma leptin and decreased adiponectin, as well as total body insulin resistance by
insulin clamp studies. The authors conclude that the in vivo insulin resistance which develops
in mice overexpressing GFAT in adipocytes alone (29) or in adipocytes and in muscle cells,
likely reflects cross talk between adipocytes and skeletal muscle and may be mediated by the
decreased circulating adiponectin levels in GFAT overexpressing mice (29). Note the
differences in phenotype between the transgenic mice overexpressing GLUT1 in muscle or
GFAT in muscle and adipose tissue. While the mouse with chronically increased glucose flux
into muscle develops profound resistance to insulin in vitro (22), the GFAT overexpressing
mouse manifests insulin resistance only in vivo but not in vitro. It should be noted, however,
that GFAT overexpression in these transgenic models was relatively low.

In a preliminary report, Silvana Obici presented data on transgenic mice overexpressing GFAT
only in skeletal muscle, developed in collaboration with Rossetti’s laboratory (52). Contrary
to their expectations, when studied by the euglycemic insulin clamp technique, there were no
significant differences either in whole body glucose utilization or in hepatic glucose output
between transgenic and control mice, although GFAT expression was ~ 3 fold higher in
transgenic muscle, UDP.GIcNAc concentration was increased > 20%, and O-GIcNAc
modification of proteins was also increased in transgenic muscles compared to controls.
Circulating leptin was unchanged, but leptin expression in muscles appeared to be increased.
Insulin-stimulated 2-deoxyglucose transport into muscle appeared to be slightly blunted in the
transgenic mice (52). The lack of an effect on muscle insulin resistance is in marked contrast
with previous observations from this laboratory where hexosamine flux in muscle was
increased during relatively short (hours to days) time periods by general infusion of GIcN,
glucose or other nutrients (27,28,53,61,68)

The validity of using GIcN infusions to model the role of HSP in insulin resistance has been
questioned (31,49,50,76). GIcN is present at very low concentrations in plasma, and its
production in the cell is limited by feedback inhibition of GFAT activity by UDP-GIcNAC.
When extracellular GIcN is increased, by infusions of GIcN, GIcN-6-PO,4 accumulates
markedly in cells, (700-500 fold in heart and skeletal muscle respectively (76), while this
compound is nearly undetectable in cells exposed to glucose alone, suggesting that UDP-
HexNAc generation from GIcN is limited at a step distal to hexokinase (50). The accumulation
of GIcN-6-PO4 depletes intracellular ATP, which can cause spurious insulin resistance by
blocking early IR signaling. This has been clearly demonstrated in 3T3-L1 adipocytes,
incubated with high concentrations of insulin, and GIcN without glucose (31). However, under
milder conditions ATP-depletion due to GlIcN treatment is much reduced and does not account
for GIcN-induced insulin resistance. Nevertheless, there are clear differences between the
metabolic effects of high glucose and GIcN, in fat cells and in muscle, although both models
can induce insulin resistance and promote the O-GIcNAc modification of certain proteins.
(25,49,50). Therefore, results using GIcN to model the role of the HBP in the development of
insulin resistance need to be interpreted with caution. In support of this, we have conducted
gene-array analysis on 3T3-L1 adipocytes incubated under various conditions that elicit (or do
not) insulin resistance. While sustained 8 hr exposure to high (25mM) glucose + low dose
insulin (0.6 nM) generated similar insulin resistance to incubation with 5mM glucose + 2.5
mM GIcN + low dose insulin, GIcN exposed cells exhibited marked changes in the expression
of numerous genes, which were specific to GIcN exposure (unpublished data with the
Bioinformatics group at Hoffmann: La Roche, (Rosinski, J., So, W. V., and Martin, M.),
supporting the concept that GIcN exerts numerous effects which are not duplicated by increased
glucose flux via HSP.

Regardless of the mode of action of GIcN, increased glucose flux via the HSP is associated
with insulin resistance, at least in experimental models. What is the mechanism? In transgenic
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mice, overexpressing GFAT in muscle and fat, in vivo insulin resistance was associated with
impaired translocation of GLUT4 to the muscle plasma membrane (15). The expression of
GLUT1 and GLUT4 was unchanged. Similarly, in 3T3-L1 adipocytes, insulin resistant glucose
transport, which developed following pre-incubation in high glucose or low glucose + GIcN,
(provided a low concentration of insulin was present) was not accompanied by changes in
GLUT4 or GLUT1 expression (50). However, in one paper, studying a similar model, it was
felt that the insulin resistance of glucose transport reflected the accelerated degradation of
GLUT4 (73). In the 3T3-L1, adipocyte model where insulin resistance was achieved by
preincubation with GIcN, a defect in GLUT4 translocation was clearly demonstrated (50).
However, in the model where the same degree of insulin resistance developed following
exposure to high glucose in the presence of insulin, GLUT4 translocation was less
compromised (50,51) suggesting a second defect, impaired docking or fusion of the GLUT4
carrying vesicle with the plasma membrane or decreased intrinsic activity of GLUTA4. It is
becoming increasingly evident that the “translocation” of GLUT4 to the plasma membrane
occurs in various stages, which respond to different regulatory signals which encompass a) the
movement of GLUT4 containing vesicles toward the plasma membrane, which does not require
Akt activation and b) docking and fusion with the plasma membrane, which does (32,75). Our
data are consistent with the concept that the insulin resistance elicited by glucose toxicity,
involves in great part a block at the docking/fusion step (51). This is supported by the
observation, that the insulin regulated trafficking of Munc. 18c, a syntaxin 4-binding protein,
which regulates the docking/fusion step, is disrupted in cells with high glucose or GIcN-induced
insulin resistance (51). Note, that Munc-18c is subject to modification on Ser/Thr residues by
O-GIcNAc, the end product of HSP (10).

Which steps of the insulin signaling cascade are compromised in insulin resistance? There is
consensus that insulin resistance is a manifestation of complex alterations in signal transduction
between the activated insulin receptor and its final target, (reviewed in (57,69-72)). Most
investigators have found inhibition of the proximal insulin signaling cascade to be associated
with insulin resistance. In models of diabetes associated with obesity and lipotoxicity, the
predominant block appears to be at the insulin stimulated activation of PI-3-kinase, due to its
reduced association with IRS-1 and 2. This in turn represents the reduced insulin-stimulated
activation (tyrosine phosphorylation) of IRS, which reflects IRS phosphorylation on specific
Ser and Thr residues. The involvement of protein kinase C, specifically PKC 6, has been
implicated in this process, although other mechanisms, e.g. cytokines, NF«p, and stress-
activated MAP-kinases (particularly p38) contribute (71). On the other hand in high glucose
induced insulin resistance, in muscle and fat in vitro, insulin activation of IRS-1 associated
P1-3-kinase was unaffected, and the block in signal transduction appeared to be located
downstream of PI-3-kinase, at the level of Akt activation (39,49). Alternatively, in a model of
short preincubation of muscles with high glucose and insulin, no defect in the signaling cascade
was detected, the participation of the HSP was excluded, and the induction of a rapidly turning
over protein was postulated as the cause of insulin resistance (35). Clearly, different
experimental models can block insulin signaling at different sites, with insulin resistant glucose
transport being the common outcome. If the HSP contributes to insulin resistance, its role in
the different models and cells will have to be defined.

How does increased flux through the HSP cause insulin resistance or participate in the
development of the complications of diabetes? The accumulation of UDP-GIcNAC in tissues
promotes the O-GlcNAc modification on Ser/Thr residues of selected proteins, and this process
is believed to mediate the effects of HSP. Increased glucose flux into cells and via HSP does
promote O-GIlcNAcylation. The process is catalyzed by a cytosolic/nuclear enzyme, O-
GIcNAc transferase (OGT), which is responsive to UDP-GIcNAc concentrations in the
physiological range (37,42). UDP-GIcNAc regulates OGT in part by mass action i.e. by the
availability of substrate and in part allosterically in a protein substrate selective manner (38,
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84). Numerous investigators have reported increased O-GIcNAc modification of proteins,
(demonstrated immunologically), in tissue culture or in experimental animals, under conditions
of insulin resistance where glucose flux into cells was chronically increased, or after exposure
to GlIcN or in cells overexpressing GFAT (8,44,56,66,90). However, the proteins were only
rarely identified, and a causal connection was not established. More recently, more direct
evidence has emerged. The enzyme, which removes the O-GIcNAc modification from Ser/Thr,
is O-GIcNAcase, which has been cloned (19,83). A pharmacological agent, which is a
competitive inhibitor of O-GIcNAcase has been developed, (PUGNAC) (23). When 3T3-L1
adipocytes are incubated with PUGNAC, the removal of O-GIcNAc from proteins is inhibited,
and the cells develop insulin resistant glucose transport, as well as inhibition of insulin
stimulated Akt activation. Although IRS-1 and IRS-2 are modified by O-GIcNAc, their insulin-
stimulated Tyr-phosphorylation was not affected (77). Thus, PUGNAC reproduces the same
scenario as that observed in these cells after incubation in high glucose + low dose insulin
(49,50).

Transgenic mice with modest overexpression of O-GIcNAc transferase is skeletal muscle and
in adipocytes develop hyperinsulinemia, insulin resistance (as assessed by euglycemic insulin
clamp studies), hyperleptinemia, without changes in body weight, glycemia or GLUT4
expression in muscle (45), a phenotype which is similar to that achieved by overexpressing
GFAT in muscle and fat tissue (15,30).

A link between the O-GIcNAc modification and complications of diabetes has been
demonstrated in neonatal cardiomyocytes, in studies of diabetic cardiomyopathy. When
cardiomyocytes are incubated in high (25 mM) vs low (5 mM) glucose, abnormalities in
Ca** cycling develop in high glucose treated cells, which are attributable to reduced mRNA
and protein expression of sarcoplasmic reticulum Ca2* - ATP-ase (SERCA2a). CAZ* cycling
and SERCAZ2a expression were restored toward normal by treating high glucose exposed cells
with an adenovirus expressing O-GlcNAcase (13) The regulation was at the transcriptional
level as demonstrated by parallel regulation of two transcription factors which regulate
SERCAZ2a expression. Thus in the neonatal cardiomyocyte model overexpression of an
enzyme, which removes O-GIcNAc from proteins reversed the deleterious effects caused by
preexposure to high glucose.

We carried out similar experiments in 3T3-L1 adipocytes, where we tried to reverse or mitigate
high glucose/insulin induced insulin resistance, by adenovirus mediated O-GIcNAcase
overexpression (6). Preexposure to high glucose + low dose insulin decreased the maximal and
half-maximal insulin response of glucose transport by 40-50% compared to cells preincubated
in 5 mM glucose. This down-regulation was similar in cells infected with O-GIcNAcase
adenovirus or empty virus. Impaired insulin-stimulated Akt activation in insulin resistant cells
was also unaffected by O-GIcNAcase overexpression. In post-nuclear supernatants of infected
cells O-GIcNAcase enzyme activity and protein expression were increased 5-fold, and O-
GIcNAc modified proteins were decreased. However, in isolated nuclei no significant increase
in O-GIcNAcase activity was detected, suggesting poor nuclear access of the recombinant
enzyme (6), confirming similar observations in COS7 cells (19). The lack of effect of O-
GIcNAcase overexpression in preventing or mitigating insulin resistance may reflect a lack of
participation of this pathway in the development of insulin resistance. However, if increased
protein O-GIcNAcylation plays a causative role in the development of insulin resistance, it
likely involves transcriptional regulation. A factor which may affect O-GIcNAcylation, and
the development of insulin resistance may be O-GIcNAcase transport into the nucleus. This is
of particular interest in view of increasing evidence indicating that both OGT and O-
GIcNAcase are regulated by post-transcriptional modification and by alternative splicing, and
that they interact with numerous binding partners (19,83,84). Histones and transcription factors
are regulated by a number of post-translational modifications, which in turn regulate gene
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expression. These modifications occur in large multi-subunit complexes. The corepressor
Sim3A, known to recruit histone deacetylase, (HDAC), also recruits OGT via its TPR domain
to specific genes (87). Thus OGT and HDAC may act in concert to repress transcription. On
the other hand, O-GIcNAcase has been recently shown to be a bifunctional protein, with the
N-terminus expressing the O-GIcNAcase activity and the C-terminus acting as a histone
acetyltransferase (HAT) in vitro, with a typical HAT domain that has both active and inactive
states (74). Thus O-GIcNAcase may function to reduce the state of glycosylation of
transcriptional activators while increasing the acetylation of histones, to allow for the concerted
activation of eukaryotic gene transcription. The factors regulating traffic of O-GIcNAcase in
and out of the nucleus, and its interaction with specific genes deserve further study.

There is a remarkable, evolving consensus regarding the role of the HSP in the pathogenesis
of the renal/vascular complications of diabetes. The accumulation of extracellular matrix in
the glomerulus is an early and hallmark event in the development of diabetic
glomerulosclerosis, and it has been long known that sustained hyperglycemia promotes its
development, in patients and in experimental models of diabetes. Different mechanisms have
been implicated in the hyperglycemia induced increased matrix production, including
activation of the polyol pathway, increased non-enzymatic glucosylation end products and high
glucose-induced stimulation of protein kinase C (36). A role for the HSP in the effects of
hyperglycemia on growth factor gene expression in vascular smooth muscle cells was first
proposed by McClain et al. in 1992 (46). More recently it has become evident that TGF-f
synthesis is required for the effects of high glucose (92); the glucose effect was mitigated by
treating cells with anti-TGFp antibody (92) or with antisense TGF-B1 oligonucleotide (36).
Furthermore, glucosamine reproduced the effect of glucose on TGF-B1 induction, albeit with
greater potency, and blocking GFAT activity with antisense GFAT oligonucleotide or with a
chemical inhibitor of GFAT activity inhibited high glucose/GIcN stimulation of TGF-p1
synthesis (36). Overexpressing GFAT in mesangial cells, induced TGF-B1 and fibronectin
expression in cells incubated in 5 mM glucose (81). Thus TGF-B1 expression is dependent at
least in part on HSP activity.

An elegant, recent paper addresses the mechanism by which increased HSP activity may
stimulate TGFpB1 expression. The promoter of TGFB1 (—1013 to —1002 region) contains a
sequence which is highly homologous to glucose response elements (GIRE-s) previously
identified in genes of glucose regulated proteins such as liver pyruvate kinase. GIRE-s bind to
upstream stimulatory factors, USF1 and 2, which enhance TFGp1 expression. Incubation with
high glucose or increasing flux through HSP by overexpressing GFAT increased the expression
of USF1and 2, although the proteins themselves were not O-GIcNAc modified. Increased USF
expression and DNA binding activity led to upregulation of TFGB1 promoter activity (80).
Note however, that the GIRE-domain is not the only site at which TGFp1 is regulated. There
are two AP-1 binding sites on the promoter (—448/—412 and —371/—363 respectively), which
are regulated by PKC and MAP-kinase dependent pathways, which are also involved in
glucose-mediated activation of TGF-B1 expression (80).

Hyperglycemia stimulates the expression of plasminogen activator inhibitor 1, (PAI-1) in
vascular smooth muscle cells (11), aortic endothelial cells (16) and in mesangial cells (33), and
this is thought to be an important factor in the development of vascular disease in diabetes.
The impetus for looking for a role of the HSP in glucose stimulated expression of PAI-1 was
the observation that high glucose exerted its effect by activating two adjacent Sp1 binding sites
in the N-terminal flanking region of the PAI-1 (—85—42) promoter (11). Sp1 was the first
transcription factor identified as an O-GIcNAc modified protein, it has multiple O-GIcNAc
modification sites, and its phosphorylation on Ser/Thr is inversely proportional to its O-
GIcNAc modification (26,65,86). Furthermore, in addition to regulating the expression of
PAI-1, Spl has been implicated in the regulation of expression of several glucose-regulated
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genes, e.g. acetyl-CoA carboxylase, leptin, fatty acid synthase and ATP citrate lyase (reviewed
in (19). Furthermore, the O-GlIcNAc modification of Spl increases with increasing ambient
glucose or with insulin (19). Two laboratories have now shown the involvement of the HSP
in PAI-1 activation of expression. Incubation in high glucose, or with GIcN or overexpression
of GFAT enhanced the activation of the PAI-1 promoter, as well as stimulating TGF-
expression in mesangial cells or aortic endothelial cells (16,33). Du et al. suggested that the
initial insult exerted by hyperglycemia is increasing mitochondrial superoxide production.
Oxidative stress would inhibit glyceraldehyde-3 phosphate dehydrogenase (GAPDH) activity,
which in turn would stimulate flux via HSP by blocking the flow of fructose-6-P via glycolysis.
The increased UDP-GIcNAc production would cause the enhanced O-GIcNAc modification
of Spl and the ensuing events. These hypotheses are elegantly supported by experiments
wherein mitochondrial superoxide production was blunted by adding an inhibitor of complex
I1 or an uncoupler of oxidative phosphorylation, or a superoxide dismutase mimetic, or by
overexpressing UCP-1 or MnSOD. While GAPDH activity was markedly decreased after cells
were incubated in 30 mM glucose compared to 5 mM glucose, the above manipulations restored
the activity. An inhibitor of GFAT activity, azaserine, was ineffective. However, all of the
above manipulations, including azaserine, restored the enhanced O-GIcNAc modification of
Spl in cells incubated with high glucose toward normal, as well as correcting the enhanced
TGF-B1 and PAI-1 promoter activity. However, 30 mM glucose no longer stimulated PAI-1
promoter activity, when the Sp1 sites were mutated. In subsequent articles Brownlee has
extended this hypothesis by postulating that the major mechanism of glucose toxicity is
increased mitochondrial superoxide production, and that this event can account for the diverse
manifestations in vascular cells, i.e. increased polyol pathway flux, increased advanced
glycation end product formation, activation of protein kinase C and increased hexosamine flux
(4,5).

CLINICAL STUDIES

There are a very few clinical studies examining the role of HSP in insulin resistance. YKki
Jarvinen reported in 1996 that GFAT activity was increased in muscle biopsies obtained from
insulin resistant patients with type 2 diabetes (88). Two papers studied the effect of GIcN
infusions on insulin responsiveness in humans. In one paper, minimal effects were observed,
i.e. blunted insulin secretory response in response to a glucose load and mildly increased fasting
glucose levels (which could represent the known inhibitory effect of GIcN on islet glucokinase),
but in neither paper were any effects noted on glucose utilization during an euglycemic insulin
clamp or on hepatic glucose production. Thus, humans may be less sensitive to the insulin
resistance promoting effect of GIcN than rodents (48,58). In a prospective study the effect of
strict blood glucose control with iv insulin aimed at euglycemia was examined in severely
insulin resistant, uncontrolled, obese, type 2 diabetic patients, on the concentration of UDP-
GIcNAc and UDP-GalNAc in muscle. Patients underwent insulin clamp studies and muscle
biopsies at the beginning and at the end of a 28 day treatment period. Insulin resistance
improved markedly as demonstrated by a near doubling of the glucose infusion rate during the
clamp, and a marked reduction in daily insulin requirements. Concomitantly, UDP-GIcNAc
and UDP-GalNAc in muscle increased by ~ 40%. This likely reflects the improvement in
muscle glucose transport, however, it does not support the hypothesis of a simple, positive
correlation between the products of HSP in muscle and insulin resistance in humans, (59).

In a cross-sectional study 55 patients, 20 with type 2 diabetes, and the rest non-diabetic, with
or without obesity, candidates for hip-replacement, were studied. The objective was to
determine whether insulin resistant patients would have increased UDP-HexNAc levels in fat
and muscle, and whether there would be a correlation between UDP-HexNAc levels and
metabolic parameters. The only significant finding was a positive correlation between UDP-
HexNAc and circulating FFA and leptin concentrations in adipocytes, but not in muscle. The
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study does not provide evidence for a role for HSP in insulin resistance in humans, although
a case for its proposed nutrient-sensing role in adipocytes can be made. (60).

Asto genetic studies, 412 caucasian, non-diabetic metabolically characterized individuals were
screened for expression of two single nucleotide polymorphisms (SNP) in the 5-prime flanking
region of GFAT. One of them (-913 G/A) was associated with a significantly higher body
mass index , percent body fat, and increased intramyocellular lipid content in males but not in
females (82). A recent publication reports that a single nucleotide polymorphism in intron 10
of the gene expressing O-GlcNAcase is associated with type 2 diabetes in Mexican Americans
(41). Intron 10 contains an alternate stop codon and may lead to decreased expression of the
130 kDa isoform, which is predicted to contain the O-GlcNAcase activity. The gene is located
on chromosome 10q and overlaps a region, which has been previously shown to be associated
with type two diabetes

CONCLUSIONS

There is strong evidence supporting a role for the HSP in the physiopathology of the vascular/
renal complications of diabetes. The mode of action appears to be transcriptional regulation,
likely modulated by O-GlcNAc modification of transcription factors. Proof of the effect has
been provided by gene overexpression and deletion experiments in several tissue culture
models, although its role in vivo will have to be more fully established. The role of the HSP as
a determinant in the development of insulin resistance is more problematic. While it is clear
that overexpression of GFAT or of O-GIcNAc transferase can produce insulin resistance in
mice, the requirement for increased HSP flux for the establishment of glucose induced insulin
resistance has been questioned. Nevertheless, with the rapidly increasing knowledge of the O-
GIcNAc modification of selected proteins and their regulation, and the fact that uncontrolled
diabetes affects this process, it seems likely that a role for the HSP in the development of the
metabolic syndrome and insulin resistance will prevail.
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A simplified schematic representation of the hexosamine biosynthetic pathway. The black
arrows indicate that flux through the pathway can be increased by accelerating glucose entry
or by inhibiting glycolysis distal to fructose-6-phosphate. GFAT: glucosamine-fructose-6-
phosphate amidotransferase. (Adapted from Ref. 2)
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