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Antioxidant drugs have been reported to protect pancreatic
islets from the adverse effects of chronic exposure to supra-
physiological glucose concentrations. However, glucose has not
been shown to increase intracellular oxidant load in islets, nor
have the effects of increasing or inhibiting glutathione perox-
idase (GPx) activity on islet resistance to sugar-induced oxidant
stress been studied. We observed that high glucose concentra-
tions increased intracellular peroxide levels in human islets and
the pancreatic B cell line, HIT-T15. Inhibition of y-glutamylcys-
teine synthetase (yGCS) by buthionine sulfoximine augmented
the increase in islet peroxide and decrease in insulin mRNA
levels, content, and secretion in islets and HIT-T15 cells induced
by ribose. Adenoviral overexpression of GPx increased GPx
activity and protected islets against adverse effects of ribose.
These results demonstrate that glucose and ribose increase islet
peroxide accumulation and that the adverse consequences of
ribose-induced oxidative stress on insulin mRNA, content, and
secretion can be augmented by a glutathione synthesis inhibitor
and prevented by increasing islet GPx activity. These observa-
tions support the hypothesis that oxidative stress is one mech-
anism for glucose toxicity in pancreatic islets.

ype 2 diabetes mellitus is polygenic in origin and usually

begins in adulthood, although specific genes for subtypes of
this disease that occur earlier in life, referred to collectively as
maturity-onset diabetes of the young (MODY), have been
identified (1). The onset of type 2 diabetes is insidious, thus
hyperglycemia develops gradually and often goes untreated for
years until symptoms become clinically obvious. Consequent
chronic exposure of tissues to supraphysiologic levels of blood
glucose can lead to adverse intracellular outcomes, a process
known as glucose toxicity (2-5). Possible mechanisms of action
for glucose toxicity include the formation of advanced glyco-
sylation end products and glucosamine, increased protein
kinase C activity with c-myc induction, autooxidation of
glucose, and increased levels of reactive glycolytic intermedi-
ates such as glyceraldehyde-3-phosphate or dihydroxyacetone
phosphate (6-13). All these processes usually are accompa-
nied by the formation of reactive oxygen species (ROS), setting
up the potential for oxidative stress. Many weeks of exposure
to high concentrations of glucose are necessary before gluco-
toxic effects are expressed by islet B cells in vitro and in vivo
(14-20). Because isolated islets do not reliably survive in
culture greater than 2 weeks, the use of short-term exposure
to ribose, a sugar that generates ROS more potently than
glucose, has become an accepted model for studying islet
glucose toxicity (21, 22). The use of ribose as a prooxidant
sugar is especially valuable in adenoviral overexpression sys-
tems, because the overexpression effect is short- lived, lasting
only days.

In the pancreatic B cell, glucose and ribose toxicity cause
decreased insulin mRNA levels (14-22), one mechanism for
which is a marked decrease in posttranscriptional processing of
PDX-1, a critical transcription factor for insulin gene expression
(23). Decreased PDX-1 leads to diminished S cell insulin content
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and defective glucose-induced insulin secretion. The toxic effects
of elevated glucose and ribose can be prevented by antioxidants
in a B cell line (20) and animal models of type 2 diabetes (19, 20,
24). The beneficial effects of antioxidants may be related to the
low levels of antioxidant enzyme activity that are characteristic
of islets (25, 26), which render them particularly susceptible to
the oxidative effects of ROS. These observations support our
working hypothesis that ROS in excessive amounts may be
formed during prolonged exposure of islets to supraphysiologic
glucose concentrations and that this may lead to defective
PDX-1-binding activity and insulin mRNA expression, de-
creased insulin content, and reduced insulin secretion. None-
theless, all previously reported data must be considered indirect
and associational, because there has been no previous demon-
stration that elevated glucose levels can increase the intracellular
oxidant load in pancreatic islets or that increasing and decreasing
intrinsic antioxidant activity within B cells can decrease and
increase, respectively, sugar-related oxidant stress.

Consequently, in this work we designed experiments to ascer-
tain whether (i) glucose and ribose increase intraislet peroxide
levels, (if) a reduction in glutathione synthesis worsens ribose-
induced decreases in insulin gene expression, content, and
insulin secretion, and (#ii) adenoviral overexpression of gluta-
thione peroxidase (GPx) in B cells prevents the adverse effects
of ribose-induced oxidant stress.

Materials and Methods

HIT-T15 Cell Culture. HIT-T15 cells were grown in 5% CO,/95% O,
at 37°C and maintained in RPMI medium 1640 supplemented with
10% FBS and containing 11.1 mM glucose as described (27).

Pancreatic Islet Isolation. Pancreata from male Wistar rats
were infused with 10 ml of a 1.5 mg/ml collagenase Type XI
(Sigma)/1% FBS/2 units/ml RQ1 DNase (Promega) solution in
Medium 199 (Sigma). After surgical excision, the pancreas was
incubated in the collagenase solution at 37°C. Undigested tissue
was removed by using a 500-um screen, and the recovered tissue
was washed twice with ice-cold Hanks’ balanced salt solution
(HBSS) containing 0.1% BSA followed by centrifugation at
250 X g for 4 min. Islets in the pellet were separated by using a
Histopaque-1077 gradient (Sigma) and then hand-picked and
cultured overnight in RPMI medium 1640 containing 10% FBS,
11.1 mM glucose, and penicillin/streptomycin/amphotericin B
before experimentation. Human islets were provided by Human
Islet Transplantation program (Seattle) using a similar isolation
strategy.

Abbreviations: ROS, reactive oxygen species; GPx, glutathione peroxidase; pfu, plaque-
forming unit(s); NAC, N-acetylcysteine; BSO, buthionine sulfoximine.
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Measurements of Intracellular Peroxides. Oxidative activity was
detected by flow-cytometric analysis using a fluorescein-
labeled dye, dichlorodihydrofluorescein diacetate
(H,DCFDA, Molecular Probes). The acetoxymethyl ester
derivative readily permeates cell membranes and is trapped
within the cell after cleavage by esterases. Oxidation by ROS
converts the dye from its nonfluorescent to fluorescent form.
Briefly, cells were cultured with 10 uM H,DCFDA for 30 min
at 37°C. Islets were cultured with 4 uM H,DCFDA for 10 min.
After incubation with the dye, cells and islets were washed with
PBS to prevent measurement of any extracellular reaction
between the dye and H,O, released by the cells into the
medium. Islets then were dispersed by using trypsin, and
intracellular peroxide levels were measured with the EPICS
XL-MCL flow cytometer controlled by SYSTEM II software
(Beckman Coulter). Results were calculated as the fold dif-
ference from control untreated cells/islets.

Measurements of Insulin mRNA, Secretion, and Content. /nsulin
mRNA. Total RNA was extracted according to the method of
Chomczynski and Sacchi (28). One-step reverse transcription—
PCR was carried out by using the Gold reverse transcription—
PCR kit from Perkin—-Elmer Biosystems and an ABI Prism 7700
Sequence detector equipped with a thermocycler (Tagman
technology) and a cooled charge-coupled device camera to
detect fluorescence emission over a range of wavelengths (500—
650 nm) as described previously (20, 29).

Islet insulin secretion and content. Static incubation of
HIT-T15 cells or islets in Krebs Ringer buffer (KRB) con-
taining either nonstimulatory or stimulatory concentrations of
glucose was performed for 1 h. Insulin levels in the KRB
samples collected from the static incubations or from insulin
content samples, extracted from the islets by using a 95:5
ethanol/acetic acid solution, were measured by using a sen-
sitive rat insulin RIA kit (Linco Research Immunoassay,
St. Charles, MO).

GPx Adenovirus Infection. Adenovirus encoding human cGPx-1
along with the control adenovirus were obtained from the
University of lowa Adenoviral Core Facility (University of Iowa
College of Medicine, Iowa City; ref. 30). Propagation of the
adenovirus was performed as described by He ef al. (31) by the
Pacific Northwest Research Institute Adenoviral Core. Isolated
rat islets were cultured in the presence of adenovirus [at a final
concentration of 107 plaque-forming units (pfu) per islet] in
RPMI medium 1640 supplemented with 10% FBS for 24 h at
37°C. After 24 h, the islets were transferred into fresh RPMI
medium 1640 containing 10% FBS with or without ribose for
another 72 h before experimentation. Ascertainment of adeno-
viral penetration into B cells within the core of the islet was
performed by infection with virus encoding GFP and insulin
immunostaining and detection via confocal microscopy. 3 cell
toxicity of the adenovirus was assessed by determining glucose-
induced insulin secretion after infection.

Measurement of GPx Activity. Islets were washed once and then
sonicated in 50 mM phosphate buffer. Supernatant was
collected after centrifugation at 14,000 rpm in a TOMY
TX-160 (TOMY Tech, Palo Alto, CA) for 1 h at 4°C and
assayed for GPx activity by using the Bioxytech GPx-340 assay
per manufacturer protocol (OxisResearch, Portland, OR). The
assay measures cellular GPx activity based on the oxidation of
NADPH to NADP*, which is accompanied by a decrease in
the absorbance measured at 340 nm over 3 min. The cellular
extract containing the enzyme is added to a reaction solution
containing glutathione, glutathione reductase, and NADPH,
and the enzyme reaction is initiated after addition of the
substrate, fert-butyl hydroperoxide. One milliunit/ml of en-
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Fig. 1. Intracellular peroxide levels in human islets, HIT-T15 cells, and
rat islets determined by flow cytometry. Islets or HIT-T15 cells were incu-
bated with a peroxide-sensitive probe, carboxy dichlorodihydrofluorescein
diacetate (using 4 and 10 pM, respectively) during the final 30 min of
each treatment. (A) Human islets were cultured in 5.6 or 30 mM glucose
with or without 10 mM mannoheptulose (MH) for 72 h. (B) HIT-T15 cells
were cultured with glucose with or without 100 uM H,0, with or with-
out 10 mM NAC for 1 h. (C) Rat islets were cultured in 5.6 or 30 mM glu-
cose with or without 100 wM BSO for 72 h. (D) Rat islets were cultured in
ribose with or without NAC with or without BSO for 72 h. Group data
from at least n = 3 experiments are shown in Table 1 as mean = SE fold
difference from untreated control cells or islets. Statistical comparisons
were done by using one-way ANOVA with the Fisher’s post-ANOVA test.
Histograms are representatives of at least three independent experiments
(see Table 1).

zyme activity is defined as the rate of conversion of 1 nmol
NADPH/ml/min to NADP™. Results were calculated as the
fold increase over GPx activity in uninfected control islets.

Chemical Agents. N-acetylcysteine (NAC), an antioxidant, was
obtained from Sigma; buthionine sulfoximine (BSO), an inhib-
itor of y-glutamylcysteine synthetase, was obtained from Sigma;
and mannoheptulose, an inhibitor of glucose transport, was a gift
of Michael McDaniel (Washington University, St. Louis).

Results

Intracellular Peroxide Levels. Exposure of human islets to 30 mM
glucose for 72 h increased peroxide levels, an effect that was
prevented by 10 mM mannoheptulose (Fig. 14; Table 1). The
antioxidant effect of 10 mM NAC against 100 uM H,O, was
demonstrated in HIT-T15 cells (Fig. 1B and Table 1). The
oxidant effect of 30 mM glucose in rat islets was observed only
in the presence of 100 uM BSO (Fig. 1C and Table 1). Peroxide
accumulation after 72 h of exposure to 50 mM ribose was
inhibited by NAC in rat islets, an effect abrogated by BSO (Fig.
1D and Table 1).

BSO Effects on Insulin Secretion, Content, and mRNA Levels in HIT-T15

Cells and Isolated Rat Islets. In HIT-T15 cells, 50 mM ribose
inhibited glucose-induced insulin secretion, decreased insulin

Tanaka et al.



Table 1. Group data from the experiments illustrated in Fig. 1 expressed as mean + SE with

relevant statistical comparisons

Relative fluorescence, fold control

Human Islets
5.6 mM glucose (control)

30 mM glucose

30 mM glucose + 10 mM mannoheptulose

HIT-T15 cells
11.1 mM glucose (control)

100 uM H,0,

100 uM H;0; + 10 mM NAC
Rat Islets

5.6 mM glucose (control)

30 mM glucose
5.6 mM glucose + 100 M BSO

30 mM glucose + 100 uM BSO

11.1 mM glucose (control)

50 mM ribose

50 mM ribose + 10 mM NAC

50 mM ribose + 10 mM NAC + 100 uM BSO

10500 ——

P < 0.001
25+03 :||

P < 0.01
1102 — 1
10500 —

P < 0.001

17.7 + 8.2 ::

P < 0.01
53+27 —1
1.0 = 0.0
1.6 = 0.1
10201 ——

P < 0.001
27+02 —
10£00  ——

P < 0.001
19+ 0.4 —i

P < 0.01
14 =02 :II P—ns

P < 0.001
2.1+05 —

ns, not significant.

content, and decreased insulin mRNA levels (Fig. 2.4-C). These
effects were prevented completely by treatment of cells with 10
mM NAC in the incubations, an effect that was abrogated
completely by coinclusion of BSO. Similar results were observed
when using isolated rat islets (Fig. 2 D-F).

Effect of GPx Overexpression on Ribose-Induced g Cell Dysfunction.
Infection of rat islets with adenovirus (107 pfu per islet) encoding
GFP resulted in demonstrable penetration of virus to B cells
within the core of the islet (Fig. 3 A-C). No adverse effects on
glucose-induced insulin secretion were observed when islets
were infected with 10°-107 pfu of adenoviral concentrations (Fig.
4D). GPx overexpression prevented the increase in intracellular
peroxide levels induced by 50 mM ribose (Fig. 4). Overexpres-
sion of GPx prevented the ribose-induced decreases in insulin
mRNA levels, insulin content, and glucose-induced insulin se-
cretion (Fig. 5 B-D).

Discussion

These studies were designed to test the hypothesis that high
glucose concentrations can increase the accumulation of intra-
cellular ROS in islets and that limiting or increasing the level of
B cell GPx activity, respectively, augments or prevents the
induction by ribose of B cell functional defects. We observed that
(7) glucose and ribose can increase the intracellular oxidant load
of islets, (ii) pharmacologically decreasing glutathione provision
to GPx enhances the deleterious effects of ribose, (iii) and
adenoviral overexpression of GPx activity in the  cell prevents
the adverse effects of ribose.

Tanaka et al.

Overproduction of ROS under high glucose conditions has
been shown to result in an attenuation of antioxidant mech-
anisms in endothelial and mesangial cells. High glucose de-
creased glutathione provision to GPx and involved a reduction
in y-glutamylcysteine synthetase activity (32-36) as well as a
decrease in NADPH supply to the glutathione redox cycle (32).
The addition of antioxidants reversed the negative effects of
high glucose on extracellular matrix proteins and cell growth
(34, 37, 38). The strongest previously published evidence
supporting the hypothesis that glucose toxicity in B cells is
mediated by ROS is indirect, i.e., demonstrations in vitro and
in vivo of protective effects of antioxidants against the dete-
rioration of insulin gene expression and 8 cell function asso-
ciated with supraphysiologic glucose levels (19, 20, 24). The
current studies provide direct evidence that glucose and ribose
increase intracellular peroxide levels in isolated human and rat
pancreatic islets, and that the intrinsically low levels of 3 cell
GPx activity (25, 26) predispose them to ROS-induced dam-
age. Our working hypothesis is that one ROS species that is
likely to mediate islet oxidative damage is the hydroxyl radical.
Autooxidation of glucose and/or glycolytic intermediates may
initiate ROS formation by generation of superoxide followed
by dismutation to hydrogen peroxide (11). Alternatively, re-
action of peroxides with traces of redox-active metal ions could
catalyze formation of hydroxyl radicals via Fenton reactions,
and the reaction of superoxides with nitric oxide could yield
peroxynitrites that all can cause DNA damage.

Our second experimental aim to determine whether de-
creasing glutathione synthesis would enhance the adverse
effects of intracellular ROS on B cell function was approached

PNAS | September 17,2002 | vol.99 | no.19 | 12365
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Fig. 2. Effects of NAC against ribose-induced decreases in glucose-induced
insulin secretion, content, and mRNA and abrogation of these preventive
effects of NAC by BSO in HIT-T15 cells (A-C) and rat islets (D—F). HIT-T15 cells
were precultured in 30 mM ribose with or without 10 MM NAC with or without
50 uM BSO for 72 h. (A) Insulin secretion from cells incubated in KRB buffer
containing increasing concentration of glucose for 2 h (*, P < 0.01 vs. control;
repeated measurement ANOVA). (B) Intracellular insulin content (*, P < 0.05;
one-way ANOVA). (C) Insulin mRNA level (x, P < 0.01, and t, P < 0.001;
one-way ANOVA). Rat islets were precultured in 50 mM ribose with or without
10 mM NAC or 100 uM BSO for 72 h. (D) Insulin secretion from islets incubated
in KRB buffer containing 5.6 or 16.7 mM glucose for 1 h (*, P < 0.001, and t,
P < 0.001; one-way ANOVA). (E) Intracellular insulin content (*, P < 0.05,
one-way ANOVA). (F) Insulin mRNA level (¥, P < 0.05, one-way ANOVA). All
data are presented as means + SE for three or four independent experiments
with duplicate or triplicate determinations.

pharmacologically. Treatment of HIT-T15 cells and islets with
BSO, a drug that inhibits vy-glutamylcysteine synthetase
(yGCS) and depletes cellular glutathione levels, augmented
the deleterious effects of ribose on insulin mRNA level, insulin
content, and glucose-induced insulin secretion. In separate
experiments, we found that 72-h exposure to BSO at the final
concentration used in these studies (100 uM) significantly
decreased total glutathione levels in islets (data not shown).

The third aim of these studies was to increase GPx activity
specifically within the B cell to levels more consistent with other
rodent tissues to determine whether this maneuver would prevent

12366 | www.pnas.org/cgi/doi/10.1073/pnas.192445199
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Fig. 3.
infected for 24 h with virus at a concentration of 107 pfu per islet. (A) Transmitted
light image. (B) GFP fluorescence after background subtraction. (C) Insulin im-
munostaining. (D) Insulin secretion from islets exposed in static incubation to
nonstimulatory (5.6 mM) or stimulatory (16.7 mM) glucose concentrations after
24-h infection with 105-107 pfu per islet adenovirus (n = 3 experiments). A-C are
from confocal microscopy sections through the center of islet.

Infection of Wistar rat islets with adenovirus encoding GFP. Islets were

the adverse effects of ROS on B cell function. Our experience is
consistent with that published by Lenzen et al. (25, 26), indicating
that antioxidative enzyme mRNA, mass, and activity in islets are
among the lowest in mammalian tissues and as little as 20% of that
found in liver. Because the islet is an organelle comprised of a core
of B cells with a mantle of « cells on its outer surface, we first
examined the ability of adenovirus encoding GFP to penetrate
isolated islets. A 24-h incubation with 107 pfu of adenovirus per islet
effectively introduced viral particles into 8 cells without causing
toxic effects, as judged by intactness of glucose-induced insulin
secretion after infection. When adenovirus encoding GPx was used
for infection, we observed an 6-fold increase in GPx activity, which
resulted in protection against the adverse effects of excess ROS
caused by ribose. This information provided the demonstration that
increasing GPx activity in 3 cells to levels that are more equivalent
to other rat tissues completely protected the B cells from sugar-
induced oxidant stress. One area for further experimentation might
be to ascertain whether overexpression of catalase and/or super-
oxide dismutase would provide similar results.

The protective effect of antioxidant enzymes, primarily
superoxide dismutase and catalase, have been examined
through overexpression in islets to test their efficacy in pro-
tecting B cells against the adverse effects of streptozotocin and
cytokines in experimental models of type 1 diabetes (39-42),
an autoimmune disease distinct from type 2 diabetes. Our
studies uniquely used an adenoviral technique to overexpress
B cell GPx activity and had different goals. We focused on
glucose toxicity as a secondary force in the ongoing patho-
genesis of type 2 diabetes, a disease that is polygenic in origin
and not initiated by autoimmunity. Our results suggest that the
intrinsically low level of GPx activity in the islet sets up the
cell as an organelle particularly susceptible to oxidative stress

Tanaka et al.
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Fig. 4. Effects of adenovirally induced GPx overexpression on ribose-
dependent increases in intracellular peroxide levels. Comparisons regarding
the effects of ribose on islets were calculated as fold difference from control
islets not treated with ribose. (A) Intracellular peroxide levels in control
infected islets were not significantly different than that in uninfected islets.
Treatment with 50 mM ribose for 72 h increased peroxides 1.71 + 0.19-fold in
uninfected islets and 1.62 = 0.26-fold in control infected islets. P < 0.05
compared with islets not treated with ribose. (B) Intracellular peroxide levels
in islets overexpressing GPx after treatment with ribose did not increase
significantly from untreated islets overexpressing GPx, 1.25 = 0.19-fold from
untreated control. P = not significant. Histograms are representative of raw
data from n = 5 experiments.

secondary to high levels of glucose. Therapeutic strategies
designed to enhance B cell antioxidant activity may be a means
for preserving residual B cell function after the onset of type
2 diabetes.
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