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Buse, Maria ;. Hexosamines, insulin resistance, and the complications ol
dighcles: correnl sialus. Am J Physiol Endocrinol Metab 2000 El1-E8, 2006;
dod: 10.11 52 2jpendo. 00329.2005.—The hexosamine biosynlhesis pathway (HBP)
is a rclalively minor branch of glycolysis. Fruclose &-phosphate is converled Lo
glucosamine &-phosphate, catalyecd by the lirst and rale-limiling coxyme glu-
laminc:lmctose-&-phosphate amidotransferase (GEFAT)Y. The major end product is
U P-N-aoetylelecosamine {(UDP-CGleNAc) Along with other amino sugars gencer-
aled by HBP, il provides cssenlial building blocks [or glycosyl side chains, of
prodeins and lipids. UDP-GlcMAc regulates flux through HBP by regulating GEAT
activity and is the obligatory substrate of Q-GlcMAc transferase. The laller is a
cylosolic and nuclear cneyme thal catalyees a reversible, postiranslational prolein
modilication, transferring GleMAc in O-linkage (O-GleMNAc) W specilic serinc
threonine residucs of proteins. The metabolic ellects of increased Mux through HEP
arc thoughl Lo be medialed by increasing O-GleMAcylation. Several investigalors
propaoscd thal HBP funclions a5 a ocllular nulrkcol scnsor and plays a roke in the
development of insulin resistance and the vascular complicalions of diabetes.
Increascd Mux through HBP is required and sufficient for some of the metabolic
clfects of sustained, increased glocose Mux, which promoles the complicalions of
diagheles, c.g., diminished cxpression of sarcoplasmic reliculum Ca® ' -ATPasc in
cardiomyocyles and induction of TGE-B and plasminogen activalor inhibilor-1 in
vascular smosth muscle cclls, mesangial cells, and sonic codothelial cells. The
mochanism was consislenl with enhanced O-GlkNAcylation of corain ranscriplion
[actors. The role of HBP in the development of insulin resistance has beecn
conlroversial. There are numerous papers showing a correlation belwoen increased
Mux through HEP and insulin resistance; however, the capsal relationship has nol
bocn established. Maore recenl cxperiments in mice overexpressing GEAT in muscle
and adiposc lissue or exclusively in [al cells suggest that the latier develop in vivo
insulin resistance via cross Wk between (Al cells and muscle. Although the
rclationship between HEP and insulin resistance may be quile complex, il clearky
deserves (urther study in concerd with ils role in the complications of diabeles.

hoxosamine biosynthesis pathway, N-acctylglucosamine; O-linked N-acclylglu-
cosamine; modification of protcins
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INSULIN RESISTANCE 15 A HALLMARK of type 2 diabetes, of uncon-
trolled type | diabetes, and of obesity and the metabohc
syndrome (91) and 15 associated with numerous other conds-
tons, such as cystic fbrosis, uremia, septicemia, glucocort-
coid excess, polycystic ovary syndrome, etc. Chmcally, insulin
resistance 1s defined as the reduced abhity of insulin to lower
plasma glucose, which reflects in great part imparred 1nsuhn-
stimulated glucose transport nio tssues, which express the
msubin-responsive glucose transporter GLUTS (skeletal and
heart muscle and adipocytes). Except for a few rare condibions,
the mmyor defect(s) 15 downstream of msubn’s inding to 1ts
receptors. Type 2 diabetes 15 a polygemic disease, and several
recent, excellent reviews discuss the insuhn receptor signaling
cascade and proposed mechamsms of impaired signal trans-
duction in insulin resistance (37, 69, 70, T2). The propensity to
msubin resistance 15 hkely penepcally determined (79); how-
ever, the expression of the phenotype 15 modulated by vanous
factors, including diet, exercise, and aging.

Addresx [or reprint requesis and other comespondence: M. G, Buse, Depl. of
Medicine, Div. of Indocrincdogy, Diaheles and Medical CGenetics, Modical Ln-
veraty of South Caroling, Charesion, S3C 79425 (e-mail: busemg @ musc.edu).

hitpffwww ajpendo.org,

Sustained hyperglycermia causes insulin resistance i hu-
mans (BY) and in ammal models (67), which leads o the
concept of “glucose toxicity.” The latter accounts for the
msulin resistance in uncontrolled type | diabetes (89). Simi-
larly, sustmmed elevatons of crculatory nonestenhed fatty
acids (NEFA) also induce mnsubin resistance ("hipotoxicity™).
Thus msulin resistance may represent an adaptive mechamsm
that may serve to protect cells from the deletenous effects of
excessive nutnient flux, such as oxidative stress. This would
imply the existence of cellular biochemcal sensors, which
momtor the Aux of nutnents. McGarry (47) first 1dentihed
malonyl-CoA as a lbhochemical sensor that regulates the switch
from fatty acid to gluocose oxidation in the hiver. Several
laboratones have proposed that flux through the hexosamine
synthesis pathway (HSP) may function as a cellular nutnent
sensor and play a role in the development of insulin resistance
and the vascular comphcatons of diabetes (4, 5, 24, 44, 66).
This review addresses the expenmental evidence that supports
and questions this hypothesis and the proposed mechamisms by
which the HSP may exent these effects.

A role for excess glucose flux via HSP in insulin resistance

was first proposed by Marshall et al. o 1991 (43) on the basis
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E2 HEXOSAMINES, INSULIN RESIFTANCLL, AND DIABETIC COMPMLACATIONS

of expenments using 1solated rat adipocytes. In this system,
precxposure of the cells to insulin and ligh glucose act syner-
gistically to induce resistance of glucose transport to subse-
guent acute stmulation by msulin. The mmsulin resistance
develops only 1f & complete amino acid mixture or glutamine 1s
present in the medium dunng premcubation wath lagh glucose
and msubin. The requrement for glutamine sugpested the
mvolvement of the HSP (43).

The HSP 15 a relatvely minor branch of the glycolyhc
pathway, encompassing ~3% of total plucose utnhzed (43)
{(Fig. 1). Entry into the HSP 15 catalyzed by the fimst and
rate-hmiting enzyme glutamine-fructose 6-phosphate (F-6-P)
amdotransferase (GFAT), which converts F-6-P and glu-
tamine to glucosamine 6-phosphate (GleN-6-P) and glutamate.
Subsequent steps metabohze GleN-6-P 1o UDP-N-acetylglu-
cosamine (UDP-GlcNAc), UDP-N-acetylgalactosamine (UDP-
GalNAc), and CMP-syahic acid, essential bulding blocks of
the glycosyl side chamns of glycoprotens, glycohpids, proteo-
glycans, and ganghosides. UDP-GleNAc 1s of particular inter-
est because 1) quantitatively 1t 1s the major end product of the
HSP; 2) 1t 15 an allostenc feedback inhibitor of GFAT, which
regulates glucose entry into the pathway, and 3) 1t 15 the
obhgatory substrate of O-GlcNAc transferase (OGT). The
latter 15 a cylosche and nuclear enzyme that catalyres a
reversible posttranslatonal protein modification, whereby
GleNAc 15 transferred in O-hinkage to specific sennef/threonine
residues of numerous proteins (37, 42). The sites of O-GlcNAc
modification ((-GleN Acylation) are often identical or adjacent
to known phosphorylabion sites, suggesting a regulatory func-
ton {14). Funcbional sigmhcance of O-GlcNAcylation has
been reported for several proteans (B3), including the transcnp-
ton factors Spl (16, 26, 65, 78, B6), c-myc (34), cAMP
response clement-binding protein (40), signal transducer and
activator of transcnption-3 (21), and pancreatic duosdenal ho-
meobox-1 (18), as well as cytosohc and nuclear enzymes, eg.,
glycogen synthase (54, 35) and RNA polymerase 11 (14). OF
particular inierest i the context of msulin resistance 15 that
msulin receptor substrates (IRS)-1 and -2 (1, 17, 36, 77), and
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IAg. 1. A smplified schematic represeniation «of the hexosamine biosynthelic
palbway. Black ammows indicate that Mux through the pathrway can be increased
hy acoeleraling glucose entry or by imhibiting glycolysis distal o rocioce
f-phosphale. GEFAT, glucosamine:fruictose-6-phosphate  amadotransfemse;
Glc-6, glecose G-phosphate (G-6-P Fru-6F, [mecose S-phosphate (1-6-F;
GlcN. gluonsamine; (slcNAC, Nacelylgluoosamine; LR, endoplasmic relics-
lum (sdapted from Rel. X).

probably also GLUT4 (&), are subject to O-GlcNAcylation.
Although the O-GlcNAc modificatbon of IRS-1 n the refer-
ences cited was based on immunological methods, an O-
GleNAcylanon site on IRS-1 was recently identified by mass
spectrometry (2). The reversible, O-GleNAc modification of
protemns has been suggested by many investigators as a mech-
anisms by which mereased HSP acoivity could cause insulin
resistance and the compheations of diabetes.

There 15 considerable evidence indicating that increased
activity of the HSP can cause insulin resistance i cell culture
madels and in rodents in vivo. In the model mentioned above,
where sustained exposure to high glucose in the presence of
msuhn caused msulin resistance in adipocytes, treatment of the
cells with mhibitors of GFAT actwvity prevented this effect.
Furthermore, glucosamine (GleN), which enters the HSP by-
passing GFAT, also caused insulin resistance but at much
lower doses than glucose. The effect of GleN infusions on the
development of insulin resistance in rodents undergoing insulin
clamp studies has been extensively studied (3, 56, 68). Rossetn
et al. reported in 1995 that infusion of GlcN increased the
concentratons of UDP-GlcNAc i muscle and markedly de-
creased insubin-stimulated total body glucose wbhzation n
healthy controls, but not in diabetic rats, which were already
misubin resistant (68). Previous studhes had demonstrated that in
vitro treatment of isolated muscles with GleN mhibited the
msuhn response of glucose transport without affecting insulin
recepior and GLUTS expression (62). Sustmned hyperglyce-
mia, which causes insulin resistance, also increased UDP-N-
acelylhexosamine (HexNAc) concentrabions in muscles (63).
The insulin resistance that develops in rats infused wath hpd
emulsions 15 also associated with increased UDP-GlcNAc n
muscle, presumably reflecting impaired glycolytic flux distal to
F-6-P, resulting in increased Aux via HSP (28). On the basis of
vanous clamp studies, Hawkins and colleagues (27, 28) pro-
posed that the UDP-GlcNAc concentration in skeletal muscle
may modulate the insulin responsiveness of glucose transport.
However, this conclusion has been quesboned by Chon et al.
(12}, who found that increasing circulating free fatty acids
induces penpheral msulin resistance wiathout concomitant 1n-
creases n the concentrabons of UDP-GlcNAc or UDP-
GalNAc in muscle.

Mice overexpressing GLUT] in muscle exhaibit chromcally
mcreased muscle glucose flux, increased muscle glycogen, and
mild fasting hypoglycemia without significant changes in cir-
culating msubn or glucagon. Insubn fals to stmulate glucose
transport 1 the insubin-resistant muscles m vitro, although
GLUTS expression 15 unchanged.

Other simuh that normally simulate glucose transport, e.g.,
IGE-1, hypoxia, and contractile activity, are also ineffective in
GLUT | -overexpressing mice (22). UDP-HexNAc concentra-
tons and GFAT activity are markedly increased in these
muscles (9), as well as the O-GlcNAc modification of numer-
ous membrane-associated protemns, which may include GLUTS
andfor proteins associated with GLUTS (8), sugpgesting but not
proving that the HSP may be involved. (Other suggestive
comelations include that GFAT acovity and UDP-HexNAc
concentrations are increased in leptin-deficient, insulin-resis-
tant abfob mice (7), whereas at the other end of the spectrum
UDP-HexMNAc concentrations are reduced m muscles of
growth hormone-deficient rats (64) and 1n rats with chrome
calonc restnction and enhanced msulin sensitvity (200).
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