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Abstract

 

The hexosamine biosynthetic pathway has been hypothesized

to be involved in mediating some of the toxic effects of hy-

perglycemia. Glutamine:fructose-6-phosphate amidotrans-

ferase (GFA), the first and rate limiting enzyme of the hex-

osamine biosynthetic pathway, was overexpressed in skeletal

muscle and adipose tissue of transgenic mice. A 2.4-fold in-

crease of GFA activity in muscle of the transgenic mice led

to weight-dependent hyperinsulinemia in random-fed mice.

The hyperinsulinemic–euglycemic clamp technique confirmed

that transgenic mice develop insulin resistance, with a glu-

cose disposal rate of 68.5

 

6

 

3.5 compared with 129.4

 

6

 

9.4

mg/kg per min (

 

P

 

 

 

,

 

 0.001) for littermate controls. The de-

crease in the glucose disposal rate of the transgenic mice is

accompanied by decreased protein but not mRNA levels of

the insulin-stimulated glucose transporter (GLUT4). These

data support the hypothesis that excessive flux through the

hexosamine biosynthesis pathway mediates adverse regula-

tory and metabolic effects of hyperglycemia, specifically in-

sulin resistance of glucose disposal. These mice can serve as

a model system to study the mechanism for the regulation

of glucose homeostasis by hexosamines. (

 

J. Clin. Invest.

 

1996. 98:930–936

 

.) 
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Introduction

 

Insulin resistance is a hallmark of both insulin-dependent and
non–insulin-dependent diabetes mellitus (IDDM and NIDDM)

 

1

 

(1–3). This state is characterized by a decreased ability of insu-
lin to stimulate glucose uptake and utilization in the hormone’s
target tissues, particularly skeletal muscle. In NIDDM insulin
resistance at the postreceptor level may play a fundamental
role in the pathogenesis of that disease (1). Additionally, in

both IDDM and NIDDM insulin resistance can result from hy-
perglycemia itself (2, 3). How target tissues might be sensing
and responding to hyperglycemia, however, is unknown. It has
been suggested recently that glucose flux through the hex-
osamine biosynthetic pathway might be responsible for some
of the adverse regulatory effects of excessive glucose (4). For
example, glucosamine has been shown to be much more po-
tent than glucose in inducing insulin resistance in cultured adi-
pocytes, and inhibitors of hexosamine synthesis block the abil-
ity of glucose to cause insulin resistance (5).

Glutamine:fructose-6-phosphate amidotransferase (GFA),
the first and rate-limiting enzyme in the hexosamine biosyn-
thetic pathway, transfers the amide group from glutamine to
fructose-6-phosphate to form glucosamine-6-phosphate (GlcN-
6-P), a precursor of uridine diphosphate-

 

N

 

-acetyl-glucosamine.
We have demonstrated that overexpression of GFA in Rat-1
fibroblasts results in insulin resistance, i.e., a rightward shift in
the insulin dose response curve for stimulation of glycogen
synthase (6, 7). Moreover, these cells exhibit increased sensi-
tivity to the regulatory effects of glucose on glycogen synthase,
suggesting that cellular sensing of glucose does operate through
hexosamine metabolism.

To test the hypothesis that hexosamine metabolism is in-
volved in insulin resistance in the intact organism, we have
examined glucose homeostasis in transgenic animals that over-
express GFA in muscle and adipose tissue. We find that in-
creased activity of GFA in the target tissues of insulin-stimu-
lated glucose disposal causes an increase in random fed insulin
levels in the transgenic animals compared with control litter-
mates. This hyperinsulinemia is sex and weight dependent and
not seen in the fasting state. Insulin resistance in the transgenic
mice was confirmed with the use of the hyperinsulinemic–eugly-
cemic clamp and appears to be caused by a decrease in protein
levels of the insulin-stimulated glucose transporter (GLUT4).
These results support the hypothesis that the hexosamine bio-
synthesis pathway is used as a glucose sensor for the regulation
of insulin-stimulated glucose uptake.

 

Methods

 

Creation of transgenic animals. 

 

Transgene expression is targeted to

adipose tissue and cardiac and skeletal muscle with the GLUT4 pro-

moter and transcription initiation site that are contained in a 2.1-kb

KpnI–HindIII fragment derived from the modified pHSS6 plasmid

(8, 9). This fragment was ligated upstream of the 2.1-kb HindIII–

BamHI GFA cDNA (10) and the 0.4-kb BamHI–XbaI SV40 polyA

signal DNA in Bluescript SK 

 

1

 

/

 

2

 

 phagemid (Stratagene Inc., La

Jolla, CA). The transgene construct was excised from Bluescript with

KpnI and XbaI (Fig. 1 

 

A

 

), purified, and microinjected into one-cell

mouse embryos that were then surgically reimplanted into pseudo-

pregnant female mice at the University of Alabama Transgenic Facil-

ity (Birmingham, AL).
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DNA and RNA analysis. 

 

Chromosomal tail DNA from offspring

of the implanted females was tested for the presence of the transgene by

Southern blot analysis. 10 

 

m

 

g of chromosomal DNA of each founder

mouse was digested with BamHI and subjected to electrophoresis in

a 1.0% agarose gel. The DNA was then transferred to nylon mem-

brane (MagnaGraph; MSI, Westboro, MA) and hybridized with a

700-bp GFA cDNA probe. The probe was labeled with [

 

a

 

-

 

32

 

P]dCTP

and dATP (Amersham Corp., Arlington Heights, IL) by use of a ran-

dom priming kit (Boehringer Mannheim Biochemicals, Indianapolis,

IN). After hybridizing the membrane with the probe for 16 h at 42

 

8

 

C

(11), the membrane was washed once in 1.0 

 

3

 

 saline sodium citrate at

room temperature for 20 min, three times in 0.2 

 

3

 

 saline sodium ci-

trate at 65

 

8

 

C for 30 min and exposed to film at 

 

2

 

80

 

8

 

C for 1 wk.

Total RNA was obtained from skeletal muscle, adipose tissue, or

liver by the guanidinium isothiocyanate method (12), and RNA sam-

ples (20 

 

m

 

g) were electrophoresed in a 1.0% agarose-formaldehyde

gel. The RNA was then transferred to nylon membrane and probed

for the human GFA cDNA as stated above. RNA was also probed

for GLUT4 and 

 

b

 

-actin using single stranded oligonucleotides spe-

cific for murine GLUT4 and 

 

b

 

-actin mRNA (13) that were labeled at

the 5

 

9

 

 end using (

 

g

 

-

 

32

 

P)ATP (Amersham Corp.) and polynucleotide

kinase (Promega Corp., Madison, WI). The blots were then pro-

cessed as stated above. Autoradiographs were analyzed densitometri-

cally using an Eagle Eye II Still Video System (Stratagene Inc.) and

ONE-Dscan one-dimensional electrophoresis analysis software (Scan-

alytics, Billerica, MA).

 

GFA activity assay. 

 

GFA activity was measured as previously

described by Crook et al. (6). Hindlimb muscle from fasted animals

that had been frozen in liquid nitrogen and stored at 

 

2

 

80

 

8

 

C until time

of the assay was placed in 1.0 ml of extraction buffer (100 mM KCl, 1

mM EDTA, and 50 mM Na phosphate; pH 7.5). The samples were

then homogenized (VirTis homogenizer; VirTis Co., Gardiner, NY)

and sonicated (50 Sonic Dismembrator; Fisher Scientific, Tustin, CA)

at setting 7 for 10 s at 4

 

8

 

C. After centrifugation at 60,000 

 

g

 

 for 20 min

at 4

 

8

 

C, 240 

 

m

 

g of protein of the supernatant cytoplasmic extract were

incubated with 12 mM fructose-6-phosphate, 12 mM glutamine, 40

mM NaH

 

2

 

PO

 

4

 

, 1 mM EDTA and 1 mM DTT (final volume 100 

 

m

 

l),

for 45 min at 37

 

8

 

C. The reaction was stopped and protein precipitated

by the addition of 50 

 

m

 

l 1 M perchloric acid and incubation on ice for

10 min. After centrifugation at 16,000 

 

g

 

 for 10 min, 145 

 

m

 

l of superna-

tant were extracted with 258 

 

m

 

l of tri-

 

n

 

-octylamine:1,1,2-trichloro-tri-

fluoroethane (1:4), and the 120-

 

m

 

l aqueous phase was then ready for

HPLC analysis. GlcN-6-P generated in the reaction was detected by

derivatization of the sample with 2 vol 

 

o

 

-phthaldialdehyde (OPA) re-

agent (4 mg OPA in 50 

 

m

 

l ethanol added to 5 ml 0.1 M sodium borate,

pH 9.7, and 10 

 

m

 

l 2-mercaptoethanol) for 1 min (14, 15). Samples

were then neutralized with 120 

 

m

 

l 0.1 M sodium phosphate (pH 7.4),

filtered, and separated over a reverse-phase C18 column (25 cm 

 

3

 

 4.6

mm; Phase Separations Inc., Norwalk, CT). Absorbance of the sam-

ple eluent was analyzed fluorometrically and peak area was inte-

grated. OPA-derivatized GlcN-6-P standards were run separately to

determine retention time and generate a standard curve to correlate

area to activity. Activity is expressed as U/mg protein where 1 U rep-

resents the generation of 1 pmol GlcN-6-P/min.

 

Analysis of nucleotide-linked hexosamines. 

 

Levels of uridine-diphos-

phate-

 

N

 

-acetyl hexosamine (UDP-HexNAc), products of the hex-

osamine biosynthesis pathway, were measured in muscle tissue as de-

scribed by Robinson et al. (16). Hindlimb muscle (

 

z

 

 0.25g) from

fasted animals was homogenized at 4

 

8

 

C in 4 vol of perchloric acid

(300 mM). The precipitates were pelleted by centrifugation (10,000 

 

g

 

,

15 min, 4

 

8

 

C), and the acid was extracted from the supernatants with 2

vol of tri-

 

n

 

-octylamine:1,1,2-trichloro-trifluoroethane (1:4). The aque-

ous phase was stored at 

 

2

 

80

 

8

 

C until analysis the next day by HPLC.

The extracts were filtered (0.45 

 

m

 

m), and HPLC was performed on a

Spherisorb amino column (25 cm 

 

3

 

 4.6 mm, Phase Separations Inc.)

eluted with a concave gradient from 80 mM potassium phosphate

(pH 2.8), 35% acetonitrile, to 800 mM potassium phosphate (pH 3.6)

over 45 min at a flow rate of 1 ml/min (17). UDP-HexNAc levels were

quantified by UV absorption (A254), compared with external stan-

dards and corrected for tissue weight.

 

Analytical procedures. 

 

Male mice were either fed ad libitum or

fasted overnight (18 h) before blood samples were collected from the

brachial artery. Hemoglobin A1c percentages and glucose concentra-

tions were measured using diagnostic reagent kits (Sigma Chemical

Co., St. Louis, MO). Insulin concentrations were measured by RIA

using porcine standards (Binax, Portland, ME).

 

Hyperinsulinemic–euglycemic clamp. 

 

All experiments were per-

formed in awake, weight matched, non sedated transgenic and litter-

Figure 1. Creation of the transgene construct and confirmation of the 

transgenic line. (A) The GLUT4 promoter and transcription initia-

tion site are contained in a 2.1-kb KpnI–HindIII fragment (striped). 

This fragment is ligated upstream of the 2.1-kb HindIII–BamHI GFA 

cDNA (open) and the 0.4-kb BamHI–XbaI SV40 polyA signal DNA 

(shaded). (B) Chromosomal DNA extracted from tail tissue of each 

founder mouse was digested with BamHI and subjected to Southern 

analysis. Five founder mice; 1-1, 1-10, 2-11, 8-3, and 7-8; (lanes 1, 3,

5–7, respectively) were found to have the 2.1-kb BamHI–BamHI 

fragment that demonstrates the transgene is incorporated into their 

chromosomal DNA. (C) Total RNA was extracted from skeletal 

muscle (lanes 1, 3, 5, and 7) and liver (lanes 2, 4, 6, and 8) from trans-

genic 1-1 (lanes 1 and 2), 7-8 (lanes 3 and 4), 8-3 (lanes 5 and 6), and 

nontransgenic control mice (lanes 7 and 8) and subjected to Northern 

analysis. Expression of the transgene mRNA is seen in the muscle but 

not the liver of the founder mice 1-1, 7-8, and 8-3.
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mate control mice using a similar clamp technique as described by

Ren et al. (18). Experimental protocols were approved by the Animal

Use Committee of the University of Mississippi Medical center. Cath-

eters were implanted into the right internal jugular vein of transgenic

and control mice. The animals were allowed to recover from surgery

the following day then were fasted 18 h before the experiment.

[3-

 

3

 

H]glucose (New England Nuclear, Boston,MA) was infused

throughout the clamp experiment to determine the glucose turnover

rate. A priming dose of 0.33 

 

m

 

Ci in 11.2 

 

m

 

l saline (0.9%) was infused

followed by continuous infusion at a rate of 0.08 

 

m

 

Ci/min (2.5 

 

m

 

l/min)

for the duration of the experiment. After 30 min, the animals were in-

fused with recombinant human insulin (HumulinR; Eli Lilly & Co.,

Indianapolis, IN) at a rate of 20 mU/kg per min while 50% dextrose

was infused by a variable infusion pump (Harvard Apparatus Inc.,

South Natick, MA). Whole blood samples (3 

 

m

 

l) were collected every

5–10 min from tail bleeds and measured by the glucose oxidase

method (Glucometer Elite; Bayer Corp., Tarrytown, NY). Blood glu-

cose concentrations and glucose infusion rates were clamped at

steady state for a minimum of 20 min. Serum samples were then

taken for calculating insulin levels and hepatic glucose output. The

rate of glucose appearance or glucose turnover rate was calculated by

dividing the [3-

 

3

 

H]glucose infusion rate (disintegrations per minute/

kg per min) by the mean serum glucose specific activity (disintegra-

tions per minute/mg glucose). The rate of hepatic glucose production

was calculated by subtracting the glucose infusion rate from the glu-

cose turnover rate. Glucose disposal rates were calculated by sub-

tracting the hepatic glucose output from the glucose infusion rate.

 

GLUT4 protein determination. 

 

Transgenic and control hindlimb

muscle from age- and weight-matched littermates was homogenized

in buffer containing 25 mM Hepes (pH 7.4), 4 mM EDTA, 1% Triton

X-100, and 1 

 

m

 

M each of leupeptin, pepstatin, and aprotinin (Sigma

Chemical Co.). 100 

 

m

 

g of protein of each sample were electrophore-

sed by 10% SDS-PAGE (19) and transferred to a nitrocellulose

membrane. The blot was blocked for 1 h at room temperature in 1 

 

3

 

TBS with 5% nonfat milk, and probed overnight with a polyclonal an-

tibody for GLUT4 (East Acres Biologicals, Southbridge, MA). The

following day the membrane was washed three times for 30 min with

1 

 

3

 

 TBS, 0.05% Tween-20, incubated with 

 

125

 

I-protein A (ICN, Costa

Mesa, CA), washed for another 30 min, and exposed to film at 

 

2

 

80

 

8

 

C

for 1–4 d. Immunoblots were analyzed densitometrically as stated

above.

 

Statistical analysis. 

 

Linear regression was used to determine the

degree of association between insulin and glucose concentrations and

analysis of variance was applied to test if these regression lines were

significantly different. All other values are presented as the means 

 

6

 

standard error. Student’s 

 

t

 

 test was performed for comparisons of

means between two groups.

 

Results

 

Determination of transgene incorporation and transcription in

mouse tissue. 

 

Genomic DNA purified from tail tissue of the
founder mice was digested with BamHI and analyzed by
Southern blotting with a human GFA cDNA probe. Genomic
DNA from five of the founder mice (1-1, 1-10, 2-11, 7-8, and
8-3) exhibited a 2.2-kb BamHI restriction fragment specific to
the transgene that hybridized to the GFA probe (Fig. 1 

 

B

 

).
Northern analysis of total RNA from muscle and liver tissue of
transgenic and control mice revealed expression of the trans-
gene in muscle of three of the five original founder lines (1-1,
7-8, and 8-3; Fig. 1 

 

C

 

). The transgene was not detected in liver.
Transgene expression was also seen in adipose tissue from epi-
didymal fat pads (data not shown). Endogenous GFA mRNA
is significantly larger than the transgenic mRNA (10) and is
not visualized in these blots due to the stringent washing con-
ditions designed to detect only the human derived transgene.

 

Increased GFA activity and UDP-N-acetyl hexosamines in

the transgenic mice. 

 

Overexpression of GFA activity in the
Northern blot–positive mice was confirmed using an in vitro
assay for GFA. Cytoplasmic extracts of skeletal muscle from
each of the three lines were incubated with fructose-6-phos-
phate and glutamine, and GlcN-6-P production was quantified.
Fig. 2 

 

A

 

 shows the increase in GFA activity in muscle tissue of
the three mRNA positive lines compared with nontransgenic

Figure 2. Activity of the hexosamine biosynthetic pathway in muscle. 

(A) GFA activity was greatest in the transgenic mice of the 8-3 

founder line with a 2.3-fold increase over control. Transgenic mice 

from the 1-1 founder line have a 1.5-fold increase in GFA activity 

over control but GFA activity of transgenic mice from the 7-8 do not 

differ from their controls (n 5 3/group for 1-1 and 7-8 lines, n 5 6/

group for 8-3 line; *P , 0.01). (B) UDP-HexNAc levels were quanti-

fied in quadricep muscle of fasted transgenic and control mice of the 

8-3 founder line. Muscle from transgenic mice was found to have a 

twofold higher level of UDP-HexNAc compared with levels from 

muscle of control mice (n 5 3/group; *P , 0.05).

Table I. Blood HbA1c and Serum Glucose and Insulin Levels 
in Fasted Transgenic Mice and Nontransgenic Controls

Transgenic Control

Weight (grams) 29.760.8 30.860.9

Hemoglobin A1c (%) 2.5860.06 2.4860.08

Fasting glucose (mg/dl) 9167 93610

Fasting insulin (mU/ml) 8.660.5 7.760.3

Mice were fasted for 18 h before being bled via the brachial artery. Val-

ues represent the mean±standard error for six animals per group.
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littermate controls. Founder lines 1-1 and 8-3 have increased
GFA activity, 1.5- and 2.4-fold, respectively, while founder line
7-8 has no increased activity. Based on these results, the 8-3
founder line was the line chosen for further studies. To deter-
mine if the increased GFA seen in the in vitro assay resulted in
increased hexosamine synthesis in vivo, UDP-HexNAc levels
were assayed. Fig. 2 B shows that UDP-HexNAc levels in skel-
etal muscle from transgenic mice of the 8-3 line are twofold
greater than those in control littermates.

Hemoglobin A1c, serum glucose, and insulin levels. As seen
in Table I, there were no significant differences in weight, gly-
cated hemoglobin, fasting glucose or fasting insulin levels be-
tween transgenic mice and littermate controls. In mice that
were fed ad libitum however male transgenic mice were hyper-
insulinemic compared with their control littermates. In Fig. 3
A, the serum insulin level is plotted as a function of the blood

glucose concentration in the random fed mice weighing 30
grams or over; the transgenic mice exhibit higher insulin levels
compared to their littermate controls for similar glucose con-
centrations. Although this trend of higher insulin/glucose ra-
tios is not evident in the male transgenic mice weighing , 30
grams (Fig. 3 B), transgenic mice weighing , 30 grams did
have higher random fed serum glucose levels (271622 vs 1926

18 mg/dl; n 5 8/group; P , 0.05) and a trend of higher insulin

Figure 3. Effects of increased GFA actvity on random-fed insulin and 

glucose levels of 8-3 transgenic and control mice. (A) Serum glucose 

and insulin levels from male mice weighing $ 30 grams were mea-

sured and insulin levels are plotted as a function of glucose concen-

tration. Both groups of mice show a correlation between insulin and 

glucose levels (Transgenic [d] n 5 6, r 5 0.909, P , 0.01; Control [s] 

n 5 11, r 5 0.845, P , 0.001). The transgenic mice are hyperinsuline-

mic compared with their control littermates as seen in the greater 

slope of the transgenic regression line. The difference between these 

two regression lines is significantly different (P , 0.05). (B) The insu-

lin/glucose ratios show that the degree of hyperinsulinemia and ap-

parent insulin resistance in the transgenic mice is weight dependent. 

Insulin/glucose ratios of lighter (, 30 grams) transgenic and control 

littermates do not differ significantly. However the heavier transgenic 

mice have a higher insulin/glucose ratio than their control littermates 

(n 5 6/group; *P , 0.05).

Figure 4. Hyperinsulinemic–euglycemic clamp of adult mice from the 

8-3 founder line. (A) Values represent the glucose infusion rates used 

to maintain a constant blood glucose value of 165 mg/dl during the 

procedure (transgenic [d], control [s]; n 5 4/group). (B) Blood glu-

cose values of the transgenic (d) and control (s) mice during the pro-

cedure (n 5 4/group). (C) Based on the weight of the animal, glucose 

infusion rate, and hepatic glucose output, glucose disposal rates were 

calculated at the end of the experiment. (n 5 4/group; *P , 0.01).
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levels than their sex- and weight-matched control littermates
(24.564.7 vs 21.463.3 mU/ml).

Glucose disposal rates during the hyperinsulinemic–euglyce-

mic clamp. Both male and female 3–6-mo-old transgenic mice
were confirmed to be insulin resistant with the use of the hy-
perinsulinemic–euglycemic clamp. Transgenic and control
weight-matched littermates, 23.460.8 and 22.860.9 grams, re-
spectively, had catheters implanted in the right internal jugular
vein. 2 d later the awake nonsedated animals were infused with
[3-3H]glucose, insulin at a constant rate of 20 mU/kg per min,
and unlabeled glucose at a variable rate (Fig. 4 A). Based on
preliminary experiments, initial glucose infusion rates were
predetermined to minimalize fluctuations in blood glucose lev-
els (data not shown). Blood glucose levels were clamped at 165
mg/dl for the final 20 min of the procedure (Fig. 4 B). Serum
insulin levels at the end of the clamp were 8276212 mU/ml,
and hepatic glucose output was calculated to be completely

suppressed at this rate of insulin infusion (data not shown).
Fig. 4 C shows that the insulin-stimulated glucose disposal rate
of the transgenic mice is only 53% of that of the controls
(68.563.5 vs 129.469.4 mg/kg per min). This same decrease in
glucose disposal rate was seen in transgenic and control mice
clamped in the blood glucose range of 100–180 mg/dl (data not
shown). A similar 58% decrease in glucose disposal rate was
seen in transgenic mice of the 1-1 line that had increased mus-
cle GFA activity; no decrease was seen in transgenic mice of
the 7-8 line that showed control levels of muscle GFA activity
(n 5 4, data not shown).

GLUT4 expression. A possible mechanism for decreased
glucose disposal observed in the transgenic mice would be de-
creased levels of GLUT4. This could be either due to disrup-
tion of endogenous GLUT4 expression by the transgene or
due to a regulatory effect of increased hexosamine synthesis.
A positional effect of the transgene is unlikely due to the find-
ing of insulin resistance in two separate founder lines of the
transgenic mice (see above). An effect of the transgene on
transcription of endogenous GLUT4 was ruled out by the find-
ing of normal GLUT4 mRNA levels in skeletal muscle of
young (4 wk) or older (3 mo) mice (Fig. 5 A). Skeletal muscle
GLUT4 protein levels were also found not to differ between
young transgenic and control mice (Fig. 5 B). However, in
older transgenic mice GLUT4 levels were 42% lower than
those observed in control mice (Fig. 5 B).

Discussion

The hexosamine biosynthetic pathway has been hypothesized
to be involved in mediating some of the toxic effects of hypergly-
cemia. Thus far, strategies to study the effects of increased flux
of hexosamine synthesis in the whole animal, skeletal muscle,
and adipose tissue have involved infusions and treatment with
glucose and/or glucosamine (4, 5, 20–23). We have studied the
role of this pathway in the whole animal by overexpressing
GFA, the first and rate-limiting enzyme in the hexosamine
biosynthetic pathway, in the specific tissues of insulin-stimu-
lated glucose disposal. This was accomplished in transgenic an-
imals by placing GFA expression under control of the GLUT4
promoter/enhancer DNA sequence. The GLUT4 promoter al-
lows GFA to be overexpressed only in the tissues involved in
insulin-stimulated glucose disposal. It has been shown that the
GLUT4 promoter leads to relatively modest levels of trans-
gene expression (8); thus the resulting two- to threefold in-
crease in hexosamine flux might be expected to be in the range
of changes that would be seen in physiologic hyperglycemia.
This strategy would allow us to study the effects of increased
flux through the hexosamine biosynthetic pathway without the
multiple effects that can occur when high concentrations of
glucosamine are infused, including inhibition of glucokinase
(23) and protein glycosylation (24).

It was predicted that overexpression of GFA in muscle and
fat tissue would increase glucose flux through the hexosamine
biosynthetic pathway, mimicking the effects of hyperglycemia
on hexosamine flux but in the absence of elevated glucose con-
centrations. If hexosamine flux is used to sense glucose, these
tissues should then exhibit a decrease in insulin-stimulated glu-
cose uptake as they do when exposed to excess glucose. This
insulin resistance would be manifest as hyperglycemia and/or
hyperinsulinemia in the fed state with no effect on fasting

Figure 5. Muscle GLUT4 expression in mice of the 8-3 founder line. 

Total RNA (A) and protein (B) from hindlimb muscle of 4-wk and

3-mo-old transgenic (T) and control (C) mice were probed for 

GLUT4 expression (representative autoradiograms are shown). Den-

sitometry was performed and the integrated optical density of the 

bands corresponding to the GLUT4 mRNA and protein was com-

pared between transgenic and control samples. GLUT4 mRNA levels 

were found not to differ significantly between transgenic and control 

muscle in either age group when corrected to b-actin mRNA levels 

(4-wk-old mice, n 5 6/group; 3-mo-old mice, n 5 4/group). GLUT4 

protein levels were also found not to differ between young transgenic 

and control mice (n 5 6/group). However, GLUT4 levels in the 3-mo-

old transgenic mice were significantly decreased compared with those 

of the control mice (n 5 6/group; *P , 0.05).
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blood glucose due to the regulation of fasting blood glucose by
the normally functioning liver that does not express the trans-
gene. As predicted, the transgenic mice showed no differences
in fasting serum glucose and insulin and hemoglobin A1c lev-
els when compared with their control littermates. However at
the higher glucose levels seen in random fed mice, the mice
weighing 30 grams or more were significantly hyperinsulinemic
compared to their weight- and sex-matched littermate con-
trols. Although the smaller mice trended toward hyperinsu-
linemia and hyperglycemia, the hyperinsulinemia was statis-
tically significant only in heavier transgenic male mice. The
age- and weight-associated insulin resistance is reminiscent of
human insulin resistance and NIDDM. Similar sex- and weight-
associated expression of diabetic traits in rodent animal models
has been described previously and may be due to the protec-
tive effects of estrogens on the development of insulin resis-
tance and diabetes (25). Insulin resistance brought about by
overexpression of GFA in these transgenic mice was con-
firmed with the hyperinsulinemic–euglycemic clamp. The in-
creased sensitivity of this technique allowed us to demonstrate
significant insulin resistance even in the smaller mice and fe-
male mice as well.

The mechanism for hexosamine-induced insulin resistance
is not known but appears to be due to a decrease in total
GLUT4 levels. Decreased GLUT4 levels are also seen in sev-
eral animal models of chronic hyperglycemia such as in the
streptozotocin treated diabetic rat and the Zucker ZDF/Drt-fa
rat (26–28). Decreased GLUT4 levels such as are seen in these
animal models are not observed in human NIDDM where to-
tal GLUT4 levels are normal but GLUT4 function or translo-
cation is impaired (29, 30). On the other hand, GLUT4 levels
do correlate with insulin sensitivity in nondiabetic humans
(31). Animals acutely infused with glucosamine also showed
insulin resistance that is caused by decreased translocation
without alterations in total GLUT4 levels (23). The reason for
these differences, whether they reflect species differences in
the response to hyperglycemia or whether they reflect differ-
ences in acute versus chronic responses to increased hex-
osamine flux, are not yet known. The decreased GLUT4 levels
in these transgenic mice are unlikely to be due to a positional
effect of the transgene because insulin resistance was seen in
two independently derived founder lines. GLUT4 mRNA lev-
els do not differ between the transgenic and control mice. Thus
the effect of GFA overexpression is not transcriptional and is
not an artifact of competition by the GLUT4 promoter-driven
transgene for limiting amounts of transcription factors used in
endogenous GLUT4 expression. In further support of this,
previous studies of transgene expression driven by the GLUT4
promoter revealed no change in the expression of endogenous
GLUT4 (8; Pessin, J.E., personal communication).

Overexpression of GFA does decrease GLUT4 protein
levels as the mouse ages. Young transgenic mice show no dif-
ference in GLUT4 protein levels compared with control litter-
mates, but GLUT4 protein levels are significantly decreased in
the older transgenic mice compared with control littermate. A
relationship between decreased GLUT4 and insulin resistance
is suggested but not proven by these data; the young mice are
too small to study by the euglycemic clamp technique. Future
studies using hindlimb perfusion will allow us to study the ef-
fects of GFA overexpression on glucose homeostasis in these
younger mice and to observe the temporal evolution of the in-
sulin resistance and its relation to GLUT4 levels.

In conclusion, we have shown that overexpression of GFA,
the rate limiting enzyme in hexosamine synthesis, in transgenic
mice results in insulin resistance for insulin-stimulated glucose
disposal. These data further support the hypothesis that the
hexosamine biosynthetic pathway plays a role in glucose ho-
meostasis at the cellular level in skeletal muscle and may be re-
sponsible for some of the adverse regulatory and metabolic ef-
fects of hyperglycemia. These mice represent an attractive
model to study the effects of hexosamine flux on GLUT4 ex-
pression and glucose homeostasis. Expression of the transgene
and the resulting two- to threefold increase in total GFA activ-
ity should not lead to grossly altered metabolite fluxes since it
is estimated that normally hexosamine metabolism only ac-
counts for 1–2% of cellular glucose utilization (4). Thus the ab-
normalities in glucose flux in these mice are likely to be highly
targeted and specific. Further characterization of these mice as
well as mice overexpressing GFA in other tissues such as liver
and islet b-cells should further clarify the role hexosamines
play in cellular sensing of glucose and the responses to hyper-
glycemia. Mice with these targeted changes will also allow the
examination of the effects of tissue-specific insulin resistance.
The mechanisms by which hexosamines may exert these ef-
fects remain obscure. The products of this pathway are used
for protein glycosylation so that alterations in regulated N- or
O-linked glycosylation could play a role. In particular, the
widespread occurrence of cytosolic O-linked N-acetyl glu-
cosamine on transcription factors, RNA polymerase (32), and
nuclear pore proteins (33) and the fact that at least some of the
effects of GFA overexpression are transcriptional (34) suggest
one potential area for further study.
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