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The pancreatic b cell can respond in the long term to hyperglycemia
both with an increased capacity for insulin production and, in
susceptible individuals, with apoptosis. When glucose-induced
apoptosis offsets the increasing b cell capacity, type 2 diabetes
results. Here, we tested the idea that the pathway of glucose
metabolism that leads to the modification of intracellular proteins
with the O-linked monosaccharide N-acetylglucosamine (O-Glc-
NAc) is involved in the glucose-induced apoptosis. This idea is
based on two recent observations. First, the b cell expresses much
more O-GlcNAc transferase than any other known cell, and second,
that the b cell-specific toxin, streptozotocin (STZ), itself a GlcNAc
analog, specifically blocks the enzyme that cleaves O-GlcNAc from
intracellular proteins. As a consequence, we now show that hy-
perglycemia leads to the rapid and reversible accumulation of
O-GlcNAc specifically in b cells in vivo. Animals pretreated with STZ
also accumulate O-GlcNAc in their b cells when hyperglycemic, but
this change is sustained upon re-establishment of euglycemia. In
concert with the idea that STZ toxicity results from the sustained
accumulation of O-GlcNAc after a hyperglycemic episode, we
established a low-dose STZ protocol in which the b cells’ toxicity of
STZ was manifest only after glucose or glucosamine administra-
tion. Transgenic mice with impaired b cell glucosamine synthesis
treated with this protocol are resistant to the diabetogenic effect
of STZ plus glucose yet succumb to STZ plus glucosamine. This
study provides a causal link between apoptosis in b cells and
glucose metabolism through glucosamine to O-GlcNAc, implicating
this pathway of glucose metabolism with b cell glucose toxicity.

The pancreatic b cell is the primary regulator of glucose flux into
stored energy in vertebrates. To accomplish this function, b

cells must sense the plasma glucose concentration and secrete the
appropriate amount of insulin to direct glucose uptake and storage
of its chemical energy in the fat, muscle, and liver. Considerable
progress has been made in the understanding of glucose sensing by
the b cell. Glucose enters the b cell through the GLUT2 glucose
transporter (1), and it is phosphorylated by glucokinase, which has
a Km for glucose that allows substantial glucose phosphorylation to
proceed only when plasma glucose concentrations exceed 5 mM (2).
Once glucose is phosphorylated, it can enter a variety of metabolic
pathways, including glycolysis. An increased ATPyADP from glu-
cose metabolism generally is believed to regulate the immediate
release of insulin (3, 4). The normal b cell is also capable of adapting
its capacity for insulin release depending on long-term nutritional
status. For example, exposure to a higher than normal carbohydrate
load can condition the b cell to secrete even more insulin after
exposure to the same load several hours later (5). Finally, the b cell
is capable of even more long-term adaptation by increasing the b
cell number through hyperplasia (6, 7). However, this hyperplasia
can be offset by concomitant apoptosis (8, 9). It is the failure of
these long-term feedback adaptations in genetically susceptible
individuals with concurrent insulin resistance that appears to result
in the complete phenotype of type 2 diabetes (6).

In addition to being a substrate for energy generation, glucose is
used in macromolecular synthesis. Of interest with regard to the b
cell is the role of glucose in the synthesis of glycoproteins and in

particular those intracellular proteins modified by O-linkage of the
monosaccharide, N-acetylglucosamine (O-GlcNAc) to serine or
threonine residues in the protein backbone. There is evidence that
this protein modification may be specifically important in the b cell
in that the enzyme, O-GlcNAc transferase (OGT), is very highly
enriched in these cells relative to other known cell types (10, 11).
Furthermore, the b cell-specific toxin and GlcNAc analog (12),
streptozotocin (STZ), blocks the removal of this O-GlcNAc mod-
ification from proteins in vitro through the inhibition of the O-
GlcNAc-selective N-acetyl-b-D-glucosaminidase (O-GlcNAcase)
(10, 11). This activity of STZ, the b cell-specific toxicity of STZ, and
the great abundance of OGT in the b cell together suggest that the
utilization of glucose for intracellular protein modification by
O-GlcNAc may be of vital importance for b cell adaptation to
glucose loads.

The role of O-GlcNAc protein modification is not fully under-
stood. This modification has been detected in many transcription
factors (13) and nuclear pore proteins (14, 15). There is now
evidence that modification of transcription factors by O-GlcNAc
may alter the stability of some of these proteins (16, 17), control the
protein interactions involved in transcriptional activation (18), or
compete with the phosphorylation of serine residues that control
transcription factor function (19). Thus, it is reasonable to suggest
that the O-GlcNAc modification of transcription factors may play
a role in the control of transcription. Furthermore, there is recent
evidence that certain cytoplasmic proteins involved in insulin
signaling also may be modified by O-GlcNAc (20), raising the
possibility that this protein modification plays some role in signaling
from cell surface receptors. However, for there to be any role for
O-GlcNAc in the b cell in its response to glucose would require
measurable alterations in the abundance of O-GlcNAc on intra-
cellular proteins in response to changes in the extracellular glucose
concentration. In this paper, we show that the abundance of
O-GlcNAc in b cells markedly increases in response to hypergly-
cemia in animals and that this increase is rapidly reversible.
Furthermore, we establish in vivo that STZ blocks the removal of
this modification in b cells. Using a transgenic mouse model in
which glucose metabolism to glucosamine is impaired, we show that
this action of STZ on O-GlcNAc turnover is necessary for the
apoptotic death of the b cell. These findings establish a direct
connection between the pathway of glucose metabolism to O-
GlcNAc and b cell toxicity.

Materials and Methods
Glucose and Glucosamine Infusion and STZ Treatment in Rats. Male
Sprague–Dawley rats (Charles River Breeding Laboratories, body
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weight 150–175 g) were fasted overnight. The rats were infused in
the right femoral vein with either dextrose (initial rate, 0.125
mgzg21zmin21, slowed to 0.042 mgzg21zmin21 after 30 min) or
glucosamine (0.025 mgzg21zmin21) by a electronically controlled
syringe pump (KD Scientific, New Hope, PA), whereas control rats
were infused with PBS solution (pH 7.4). Blood glucose was
determined before and during the infusion at 15-min intervals on
blood derived from a tail bleed by using an Advantage blood
glucose monitor (Boehringer Mannheim). Human insulin (Eli
Lilly) was administrated i.v. The STZ (200 mgzkg21 freshly dissolved
in 100 mM citrate buffer, pH 4.2) was injected i.v. 15 min before the
glucose infusion. At the various time points and blood glucose
levels, the pancreas was removed and formaldehyde-fixed imme-
diately. Animal treatments were performed in an approved manner
in a certified animal care facility.

Tissue Immunohistochemistry. Formaldehyde-fixed and paraffin-
embedded pancreas sections were immunostained as described
(10) by using RL2 ascites (1y20) or anti-insulin (1y50). To
facilitate immunostaining, the sections were pretreated with 2 M
HCl for 20 min at 37°C and exposed to 0.01% trypsin at 37°C for
5 min.

Treatment of SJLXB6 Mice with STZ in Combination with Glucose or
Glucosamine. A total of 74 overnight fasted male SJLXB6 mice
(body weight 19.6–27.4 g) were divided into three groups. The mice
in the first group (n 5 26) were injected i.p. with STZ (50 mgzkg21)
and PBS (pH 7.4, 30 min after the treatment of STZ). The mice in
the second group (n 5 23) were injected i.p. with STZ (50 mgzkg21)
followed in 30 min by glucose (8.76–10.0 mgzg21). The mice in the
third group (n 5 25) were injected i.p. with STZ (50 mgykg)
followed in 30 min by glucosamine (4.98 mgzg21). Additionally, 50
mice were divided into five groups and injected i.p. with STZ at
doses of 55, 60, 65, 75, and 80 mgzkg21. The blood glucose was
monitored frequently before sacrifice 26 hr later.

In Situ Hybridization. The paraffin and frozen sections of mouse
pancreas were prepared and hybridized as described (21). The
antisense insulin 35S-cRNA riboprobe was synthesized from the
350-bp rat insulin I cDNA in pBlueScript KS (Stratagene), using T3
polymerase. The sense 35S-cRNA riboprobe, to detect the trans-
genic antisense mouse glutamine:fructose-6-phosphate amido-
transferase (GFAT) mRNA, was synthesized from the 2.1-kb
mouse GFAT cDNA in pT7T3 (Amersham Pharmacia), using T7
RNA polymerase. After hybridization, the slides were exposed to
x-ray film for 3–10 days. The slides also were dipped in photographic
emulsion, exposed, developed, and counterstained with hematox-
ylin and eosin, then subjected to microscopic examination.

Terminal Deoxynucleotide Transferase-Mediated dUTP Nicked-End La-
beling (TUNEL) Assay. The TUNEL assay was performed as described
(22) in paraffin-embedded sections of the pancreases by using an in
situ cell death detection kit (Boehringer Mannheim). The endog-
enous perioxidase activity was blocked by immersing the sections in
0.3% H2O2 in methanol for 30 min before cell permeablization.
Nonspecific binding of the peroxidase-coupled antifluorescein an-
tibody was blocked with PBS containing 3% BSA for 20 min.
Positive cells were visualized by using peroxidase substrate en-
hancer and 3,39-diaminobenzidine tetrahydrochloride substrate
(Boehringer Mannheim), and sections were counterstained with
hematoxylin. For a pancreas to be scored as apoptotic, all islets had
to display TUNEL positivity.

Generation of Transgenic Mice with b Cell-Specific Expression of
Mouse GFAT Antisense Gene. The 2.2-kb mouse GFAT cDNA (23),
consisting of 150 bp 59 untranslated region and complete coding
sequence, was inserted in the antisense direction between the rat
insulin II promoter (RIP) (24) and the simian virus 40 (SV40) small

T-antigen intron and polyadenylation sequences. The entire 4.4-kb
fragment, containing the RIP-mGFAT (antisense)-SV40 con-
struct, was excised from the cloning vector, purified, and microin-
jected into fertilized eggs from SJLXB6 mice. Of the 29 living births,
seven founder mice were identified by PCR analysis of tail tip DNA
using oligonucleotide primers hybridizing to the RIP and mGFAT
sequence. The resulting 1.28-kb PCR product spans the RIP-
mGFAT junction. Gene dose was determined by slot-blot analysis,
and the transgenic mouse line, termed 3–4, with the highest gene
dose was used for the majority of studies. For consistency, 3- to
4-month-old male mice from this line were used for the subsequent
studies, although similar results were obtained with the other lines,
females, and animals over 5 months old. In situ hybridization with
a sense-oriented mouse GFAT [35S]cRNA probe was performed to
determine the b cell-specific expression of the antisense transgene
in islets. Immunohistochemical staining with RL2 mAbs was per-
formed as before in the transgenic mice and their wild-type
littermates 1.5 hr after i.p. injection with STZ (50 mgzkg21) and
glucose (10.0 mgzg21, 30 min after the treatment of STZ).

Treatment of RIP-mGFAT (AS) Mice with Multiple Low Doses of STZ.
Multiple low doses of STZ treatment (5 consecutive days, 40
mgzkg21) was performed as described (25) in 14 transgenic mice
and 16 littermates (from three different lines). The diabetes was
assessed by blood glucose measurements every 3 days and histo-
logical analysis 14 and 28 days after the last injection of STZ.

Fig. 1. The effect of hyperglycemia and STZ on O-GlcNAc accumulation in
pancreatic islets in vivo. Fasted rats were infused with glucose either without STZ
or 15 min after the STZ-pretreatment, and the pancreases were examined for the
distribution of RL2-detectable glycoprotein. (A and D) Overnight fasted. (B and E)
45 min after initiation of glucose infusion (30 min with [glucose].20 mM. (C and
F) The glucose infusion was terminated after 45 min and replaced with an insulin
infusion that was continued for a further 135 min. The blood glucose was ,10
mM for about 1 hr when the pancreases were examined. (D–F) STZ pretreatment.
(Magnification: frames 1, 3200; frames 2, 325.).
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Treatment of RIP-mGFAT (AS) Mice with STZ in Combination with
Glucose or Glucosamine. The trangenic mice and their littermates
were injected with either STZ (50 mgzkg21) and glucose (8.76–10
mgzg21, n 5 41, 21 transgenic mice and 20 wild-type littermates),
or STZ (50 mgzkg21) and glucosamine (4.98 mgzg21, n 5 35, 19
transgenic mice and 16 wild-type littermates). The blood glucose
was monitored frequently, and the mice were sacrificed for
histological analysis, immunohistochemical staining with anti-
insulin polyclonal antibody, in situ hybridization for insulin
transcripts, and TUNEL assay 26 hr later.

Statistical Analysis. All values are expressed as mean 6 SE. Statistical
analysis is carried out with unpaired t test and x2 test. Differences
are considered statistically significantly at P , 0.05 or P , 0.01.

Results
O-GlcNAc Level in b Cells Is Rapidly Responsive to the Blood Glucose in
Vivo. For the glucose concentration to be transduced into a change
in the O-GlcNAc content in b cells requires that glucose first be
converted to glucosamine, and secondly, that the increased avail-
ability of UDP-GlcNAc as a substrate would drive increased protein
modification by OGT. The rate-limiting step in glucosamine syn-
thesis is the enzyme GFAT. Provision of substrate for GFAT
requires a glucose concentration sufficient for phosphorylation by
the b cell glucokinase. Furthermore, GFAT is known to be
regulated by feedback inhibition by UDP-GlcNAc (26). While in
other cell types, we have shown that altered glucose concentrations
can be reflected by changes in the O-GlcNAc modification of
intracellular proteins (23, 27), the pancreatic b cell has not been
shown to respond in this manner. To determine the effect of
changing plasma glucose concentrations on b cell O-GlcNAc
content in vivo, we established hyperglycemia in Sprague–Dawley
rats by i.v. glucose infusion and assessed b cell O-GlcNAc by
immunohistochemical staining with the RL2 mAb. The binding of
the antibody to this epitope strictly depends on the presence of the
O-GlcNAc moiety (14, 16, 23, 27) and can be blocked by pread-
sorption of the antibody with GlcNAc (ref. 27; data not shown) or
STZ (10) but not other sugars. Elevation of the plasma glucose
concentration to approximately 20 mM resulted in a marked and b
cell-specific increase in the level of intracellular O-GlcNAc modi-
fication within 30 min of the development of hyperglycemia (Fig.
1B1). The effect was readily seen in all islets (Fig. 1B2) at glucose

concentrations above 15 mM, although a systematic dose-response
relationship was not established. No change in O-GlcNAc content
was detected in the exocrine pancreas. After establishment of
hyperglycemia (28 mM) by the same protocol, the blood glucose
was returned to the fasting level with an infusion of human insulin.
The pancreases were examined at a time point defined as 15 min
after the blood glucose concentration had decreased to 4.0 6 0.2
mM (mean 6 SE). This point occurred about 1 hr after the blood
glucose had decreased through 10 mM. At this time, the O-GlcNAc
modification level had returned to the level seen in control fasted
rats (Fig. 1 C1 and C2). These observations indicate that the level
of O-GlcNAc in b cells is responsive in both directions to the
extracellular glucose concentration. This specific O-GlcNAc re-
sponse to hyperglycemia in the b cells likely results from both the
gating effect of the glucokinase, which restricts substrate for
glucosamine synthesis under fasting conditions, and the high abun-
dance of the transferase in these cells.

STZ Causes O-GlcNAc Accumulation by Blocking Its Removal from the
Proteins. Although we have proposed that STZ is specifically toxic
to the b cell because it can block the O-GlcNAcase in vitro (10, 11)
and OGT is selectively abundant in b cells (10, 11), other mecha-
nisms for this specific toxicity also have been proposed. STZ has
been shown to be a DNA alkylating agent (28, 29), and NO donor
(30) and its specificity to the b cell was suggested to result from the
preferential ability of the GLUT2 to transport this agent into b cells
(31). To determine whether STZ behaves as an inhibitor of the b
cell O-GlcNAcase in intact animals, we pretreated the Sprague–
Dawley rats with STZ before the initiation of the glucose infusion.
The islets were examined again by immunohistochemical staining
with the RL2 antibody. In the absence of hyperglycemia, STZ did
not alter the RL2 reactivity of b cells (Fig. 1 D1 and D2), even
though the RL2 antibody appears to recognize STZ (10). This
observation is in agreement with our earlier determination that
STZ itself is not metabolized as a substrate of OGT in cultured cells
(10). As expected, when hyperglycemia was achieved after the STZ
dose, the specific increase in b cell O-GlcNAc was observed again
(Fig. 1 E1 and E2). In contrast, when normoglycemia (3.9 6 0.2
mM) was re-established by insulin infusion as described above, the
O-GlcNAc content in the STZ-treated animals failed to decrease in
the islets in response to the falling blood sugar, indicating that the

Table 1. The effect of glucose and glucosamine on the b cell toxicity of STZ in RIP-GFAT (AS) transgenic and wild-type SJLXB6 mice

Mice Treatment
# Mice

Examined

# Mice

x2 testApoptotic* (%) Normal

Wild type
(1) STZ (50 mgzkg21) 26 0 (0) 26
(2) STZ (55 mgzkg21) 10 0 (0) 10
(3) STZ (60 mgzkg21) 10 0 (0) 10
(4) STZ (65 mgzkg21) 10 0 (0) 10
(5) STZ (70 mgzkg21) 10 2 (20) 8 P 5 0.020 vs. (1)
(6) STZ (75 mgzkg21) 10 8 (80) 2 P , 0.0001 vs. (1)
(7) STZ (80 mgzkg21) 10 8 (80) 2 P , 0.0001 vs. (1)
(8) STZ (50 mgzkg21) 1 Glc 23 18 (78.3) 5 P , 0.0001 vs. (1)
(9) STZ (50 mgzkg21) 1 GlcN 25 19 (76.0) 6 P , 0.0001 vs. (1)

Transgenic mice
(10) STZ (50 mgzkg21) 1 Glc 21 6 (28.6) 15 P 5 0.0010 vs. (8)
(11) STZ (50 mgzkg21) 1 GlcN 19 15 (78.9) 4 P 5 0.0015 vs. (10)

Wild-type littermates
(12) STZ (50 mgzkg21) 1 Glc 20 16 (80.0) 4 P 5 0.0009 vs. (10)
(13) STZ (50 mgzkg21) 1 GlcN 16 13 (81.3) 3 P 5 0.8653 vs. (11)

The experimental methods are described in Materials and Methods. Statistical analysis was carried out with x2 test in MICROEXCEL statistics software. Difference
were considered statistically significant at P , 0.01.
*Affected animals exhibited b cell apoptosis by TUNEL assay in every islet.
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removal of the O-GlcNAc modification was blocked by STZ (Fig.
1 F1 and F2). Thus, STZ inhibits the b cells O-GlcNAcase in vivo.

Glucose and Glucosamine Potentiate STZ Toxicity and Cause b Cell
Apoptosis. To further correlate the accumulation of O-GlcNAc in
b cells with STZ toxicity, we tested the diabetogenic effect of a
single dose of STZ in SJLXB6 mice. This strain of mice exhibits
reduced sensitivity to this drug relative to the rat (32). Although a
single dose lower than 75 mgzkg21 of STZ was insufficient to cause
b cell death, treatment with either glucose or glucosamine after an
injection of 50 mgzkg21 of STZ resulted in extensive b cell death
within 26 hr in 78.3% and 76.0% of treated mice, respectively
(Table 1). This cell death was evident on histological sections by the
appearance of the pyknotic nuclei in every islet of affected animals
and was accompanied by a diminution of insulin mRNA as deter-
mined by in situ hybridization (Fig. 2). To determine whether the
b cell death was apoptotic in nature, sections from the same
pancreases were stained by using the TUNEL assay. Normal islets
and the islets in the unaffected animals treated with the threshold
dose of STZ alone (50 mgzkg21) showed no evidence of nicked

DNA whereas the islets of the affected animals that had been
treated with STZ followed by glucose or glucosamine showed
numerous apoptotic cells in every islet examined (Fig. 2, rows 4 and
5). It has been previously observed that glucose potentiates the
toxic effect of STZ on b cells (33); however, the mechanism has not
been understood. This potentiation of STZ toxicity with both
glucose and glucosamine is compatible with the notion that the
sustained accumulation of O-GlcNAc caused by the combination of
STZ and glucose administration is behind this toxicity. Further-
more, a high concentration of glucose recently has been shown to
induce apoptosis in cultured islets (34) and hyperglycemia induces
b cell apoptosis in certain rodent strains (9). However, we were
unable to detect significant islet pathology or apoptosis after an 8-hr
i.v. glucose infusion in Sprague–Dawley rats. In contrast, an 8-hr i.v.
infusion of glucosamine in these rats resulted in islet pathology.
Islets from the glucosamine-infused rats exhibited nuclear pyknosis
(Fig. 3B) with several cells being modestly positive for DNA nicking
by the TUNEL assay (Fig. 3F). There were fewer apoptotic cells and
the staining was less intense after the 8 hr of glucosamine exposure
than that seen 26 hr after STZ plus glucose or glucosamine. The
glucosamine infusion, at a dose that would allow phosphorylation
by the b cell glucokinase, could not be sustained much beyond 8 hr
because of general toxicity. We also observed depletion of immu-
noreactive insulin in the b cells in the glucosamine-treated rats (Fig.
3D). No significant pathological changes were found in the exocrine
pancreas.

Trangenic Mice with Impaired Glucosamine Synthesis Are Resistant to
the Diabetogenic Effect of STZ. To establish a causal link between b
cell glucosamine metabolism and STZ toxicity, we developed a
transgenic mouse line in which we expressed in b cells an antisense
GFAT construct that we had shown can block the glucose-
stimulated increase in O-GlcNAc modification in cultured mouse
cells (23). Integration of the transgene was detected by PCR in
DNA extracted from the mouse tails (Fig. 4) and by Southern blot
analysis (not shown). In situ hybridization confirmed the b cell-
specific expression of the antisense transgene in all islets (Fig. 4B).
The intensity of the antisense GFAT hybridization signal was
comparable to the insulin signal, although the molar specific activity
of the GFAT probe was 7-fold higher than that of the insulin probe.
In normal mice, the endogenous sense GFAT mRNA was not
detectable in the islets (Fig. 4C) exposed to film for the same time,

Fig. 2. The effect of glucose and glucosamine on the cytotoxicity of STZ to b

cells. (A1–A5) Single-dose STZ (50 mgzkg21). (B1–B5) Single-dose STZ (50 mgzkg21)
followed by glucose. (C1–C5) Single-dose STZ (50 mgzkg21) followed by glu-
cosamine. (Row 1) The pancreas was stained by immunohistochemistry with a
polyclonal insulin antibody (magnification: 3400). (Row 2) Bright-field view of
the in situ hybridization with a 35S-UTP-labeled insulin antisense riboprobe
(magnification: 3200). Six animals from each treatment group were examined.
(Row 3) Dark-field view of the same sections shown in Row 2. The hybridization
signal appears as dark grains in the bright-field and white grains in the dark-field
views. (Row 4) In situ TUNEL assay for DNA nicking (magnification: 3300). (Insets,
B4 and C4) Apoptotic cell nuclei are indicated by arrows (magnification: 3500).
(Row5) InsituTUNELassayforDNAnicking(magnification:350).Arrows indicate
location of all islet of Langerhans in this section.

Fig. 3. The effect of an 8-hr i.v. glucosamine infusion on the pancreas of the
Sprague–Dawley rats. Treatment and analysis were as indicated on the figure.
Apoptotic nuclei are indicated by arrows. (Magnifications: A–D, 3200; E and F,
3500.)
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indicating that the antisense transgene was expressed at a markedly
higher level than is the endogenous GFAT mRNA. As shown
previously in cultured cells (23), this antisense construct was able to
blunt the STZ and glucose-induced O-GlcNAc accumulation in the
b cells of the transgenic mice as compared with the nontransgenic
litermates (Fig. 4D).

A multiple low-dose STZ protocol has been developed to induce
diabetes in mice. Application of this protocol (25) to the mice
expressing the antisense GFAT transgene failed to induce diabetes
whereas their wild-type littermates developed hyperglycemia and
islet destruction within 21 days after the same treatment (Fig. 5). To
prove that it is impaired glucosamine synthesis in the antisense
GFAT transgenics that confers this STZ resistance, we used our
observation that both glucose and glucosamine potentiate the

diabetogenic effect of a single-threshold dose of STZ (Fig. 2).
Concurrent treatment with glucose and STZ (50 mgykg) failed to
cause b cell apoptosis in 71.4% of the transgenic mice, but caused
extensive b cell apoptosis in 80.0% of their wild-type littermates. In
contrast, when the mice were administered concurrent treatment
with glucosamine and STZ, extensive b cell apoptosis was observed
in 78.9% of the transgenic mice and 81.3% of their wild-type
littermates (Table 1). This observation strongly supports the idea
that glucose must be metabolized by GFAT to glucosamine to
potentiate the toxicity of STZ. The glucosamine administered with
the STZ bypassed the block in glucose metabolism induced by the
antisense GFAT transgene, thereby implicating the transgene in the
STZ resistance. This effect of the antisense transgene was observed
in three independently developed transgenic lines, ruling out an
integration site-specific mechanism for the STZ resistance.

Discussion
The b cell as a glucose sensor has adapted to respond both
instantaneously and more chronically to changes in the nutri-
tional load. The long-term adaptation that switches the b cell
from the famine mode with limited insulin-secretory capacity to
the surplus mode with increased capacity is poorly understood.
In insulin-resistant animal models (6) or after partial pancrea-
tectomy (7), the rate of b cell proliferation increases. However,
in those animal models susceptible to the development of type
2 diabetes, this proliferative response ultimately is offset by an
increase in apoptosis (8, 9) that results in a failure of the net b
cell mass to increase sufficiently to fulfill the insulin demand.
Both the proliferative (7) and apoptotic response (8, 9) appear
to be driven by hyperglycemia. Indeed, the apoptotic response
may be part of the glucose toxicity that results in reduced insulin
secretion after prolonged hyperglycemia (35–37).

We have linked the metabolism of glucose to O-GlcNAc with b
cell apoptosis by using the recently discovered activity of STZ as an
inhibitor of O-GlcNAcase (10, 11). Although we show that the
normal b cell has a rapid on- and off-rate of O-GlcNAc, STZ arrests
this cycle, resulting in the stable and b cell-specific accumulation of
the modification in vivo. The enhancement of the apoptotic re-
sponse to STZ by glucose is blunted in transgenic animals with
impaired glucosamine synthesis from glucose, indicating that it is
this pathway of glucose metabolism that is required for the b
cell-specific toxic and apoptotic effect of STZ.

No in vivo role for the O-GlcNAc modification of proteins
previously has been ascertained. Our results linking the O-GlcNAc
modification of proteins to b cell apoptosis will open up the search
for the protein targets of OGT that lead to the initiation of this

Fig. 4. Characterization of the antisense-GFAT transgenic mice. (A) (Left) The
schematic diagram of the transgene. (Right) The PCR analysis of DNA derived
from the tails of F1 mice (lanes 2 and 4 are gene positive). M1: 1-kb markers; M2:
100-bp markers; P: 0.5 pg plasmid DNA template. The expected amplified target
sequence is about 1.28 kb. (B) In situ hybridization of a transgenic mouse pan-
creas. The adjacent tissue slices, mounted on microscope slides, were exposed to
x-ray film for 3 days. (Left) The probe was antisense insulin. (Inset) A photomi-
crograph of the hematoxylinyeosin-stained islets corresponding to the hybrid-
ization signal. (Right) The probe was sense GFAT indicating the location and
intensity of expression of the antisense transgene (magnification: 33). (C) In situ
hybridization of a wild-type mouse pancreas. The adjacent tissue slices, mounted
on microscope slides, were exposed to x-ray film for 3 days. (Left) Probing for
insulin mRNA. (Right) Probing for the endogenous GFAT mRNA (magnification:
33). (D) The effect of the antisense GFAT transgene on the b cell O-GlcNAc
accumulation in hyperglycemic mice. The mice were injected with STZ followed
by glucose, and the pancreas was examined by immunohistochemical staining
with RL2 antibodies. (Left) The pancreas from a wild-type littermate mouse after
receiving treatment with STZ and glucose (blood glucose 5 14 mM) (magnifica-
tion: 3400). (Right) The pancreas from a RIP-mGFAT(AS) transgenic mouse after
receiving treatment with STZ and glucose (blood glucose 5 19 mM).

Fig. 5. Blood glucose response after treatment with multiple low doses of
STZ. The arrows indicate the timing of the STZ injections (40 mgzkg21, 5
consecutive days). Blood glucose was determined in samples from a tail bleed
at the indicated times. Results are given as the mean 6 SE for 14 transgenic and
16 wild-type littermate mice. *, P , 0.05; **, P , 0.01 (unpaired t test).
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process. Candidate targets may arise from the idea that the O-
GlcNAc response in b cells to hyperglycemia likely serves some
physiological role besides causing apoptosis. OGT contains nuclear
localization signals and is enriched in the nucleus (38) and there is
evidence that the O-GlcNAc modification may play an important
role in the control of gene transcription. Many transcription factors
are modified with O-GlcNAc (13). Sp1, an O-GlcNAc modified
transcription factor (39), has been found to be regulated in a
complex manner by this modification. First, the stability of Sp1 has
been shown to be regulated by the proteasome. Under condition of
O-GlcNAc depletion, Sp1 is rapidly degraded whereas glucosamine
treatment of cells results in the stabilization of Sp1 through the
inhibition of proteasomal degradation in vivo (16) and in vitro (17).
These changes in the abundance of Sp1 or perhaps other transcrip-
tion factors may alter the transcription of a wide variety of genes
(23, 27, 40, 41), including those TATA-less genes that encode the
housekeeping proteins (42). Thus, the O-GlcNAc response to
glucose could up-regulate the expression of many b cell genes
leading to cellular hypertrophy. However, it also remains possible
that this inhibition of proteasomal degradation of Sp1 may extend
to other proteins known to be degraded by the proteasome and
involved in apoptosis (43). Another effect of O-GlcNAc on Sp1 is
in the control of the Sp1 protein interactions involved in transcrip-
tional activation (18). This observation raises the possibility that
sustained O-GlcNAc modification of a transcription activation
domain of Sp1 could preclude the protein interactions required for
transcriptional activation and lead to impaired gene transcription.
This concept also may apply to intramolecular domain interactions.
Indeed, there is some evidence that the basic C-terminal domain of
p53 interacts with and represses the DNA-binding domain of this
transcription factor (44). Modification of the C-terminal domain
with O-GlcNAc may abrogate this intramolecular interaction and
activate p53 as a DNA-binding protein, leading to the transcription
of genes that are involved in cell cycle arrest and apoptosis (45).

Recently, poly(ADP ribose) polymerase (PARP)-deficient mice
were found to be protected from STZ-induced b cell death (46–48).
PARP is stimulated by DNA breaks as part of the repair response
(e.g., ref. 49), suggesting that the activation of this enzyme is a

downstream event in the apoptotic cascade. Our observation that
mice expressing antisense GFAT in b cells did not develop DNA
breaks in response to STZ suggests that this construct blocked
apoptosis at an earlier point than did the PARP deficiency.
Nevertheless, it remains possible that the O-GlcNAc and PARP
pathways interact. For example, p53 can be modified both by
O-GlcNAc and poly(ADP ribosyl)ation (49), and these modifica-
tions could interact to complete the apoptotic process.

Our studies strongly support the notion that STZ-induced b cell
apoptosis results from blockade of O-GlcNAcase activity and the
subsequent accumulation of O-GlcNAc on certain proteins in b
cells. Although glucose itself can cause b cell apoptosis in certain
rodent models (8, 9), the accumulation of O-GlcNAc in b cells in
response to short-term hyperglycemia alone, at least in this strain of
rat, was not sufficient to induce a detectable level of apoptosis,
whereas pushing this pathway with an 8-hr glucosamine infusion did
result in apoptosis, albeit, less extensive than seen 26 hr after STZ.
The difference in behavior of islets treated with glucose from those
treated with glucose in combination with STZ may relate to the
cyclical nature of the O-GlcNAc modification. That is, the on-rate
for the modification normally may be matched by the off-rate even
though the steady-state level of modification may be high during
hyperglycemia. We infer that interruption of this cycle with STZ
results in the prolonged accumulation of O-GlcNAc on the critical
substrates that become involved in the apoptotic response. Al-
though delineation of the mechanism of O-GlcNAc-induced apo-
ptosis awaits identification of these substrates, our antisense GFAT
transgenic model provides strong evidence that the pathway of
glucose metabolism that culminates in the modification of proteins
by O-GlcNAc is the pathway that is involved in glucose toxicity. This
pathway is then a worthy target for intervention in the glucose
toxicity that leads to b cell failure and the pathogenesis of type 2
diabetes.
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