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ABSTRACT

Background: It has previously been observed that the
insulin-producing cells of human pancreatic islets are more
resistant to alloxan-, streptozotocin-, nitroprusside-, or cy-
tokine-induced injury than those of mouse and rat islets.
Materials and Methods: Human pancreatic islets were
obtained from heart-beating organ donors. The expres-
sion of the stress proteins heat shock protein 70 (hsp7o)
and heme oxygenase and the anti-apoptosis gene bcl-2
was determined in isolated rat, mouse, and human islets,
either cultured in vitro or transplanted under the kidney
capsule of nude mice, using immunoblot analysis. Rat
and human islet sensitivity to hydrogen peroxide was
assessed by glucose oxidation measurements. Isolated
islets were also analyzed for their catalase and superox-
ide dismutase activities, and the islet cell levels of re-
duced glutathione were determined in response to hy-
drogen peroxide and nitroprusside. Programmed cell
death in human and rat islets in response to streptozo-
tocin was evaluated using TUNEL staining.
Results: Cultured human islets expressed higher con-
tents of hsp7O than mouse and rat islets at basal condi-

tions. Also after 4 weeks under the kidney capsule of
normoglycemic mice, the hsp7o levels were higher in
human islets than in rat islets. The expression of another
stress protein, heme oxygenase (HO), was strongly in-
creased in cultured rat islets, but was not affected in
human islets. Expression of the bcl-2 gene could not be
detected in human islets. In spite of this, 0.5 mM strep-
tozotocin induced apotosis in rat but not in human islet
cells. Hydrogen peroxide (0.1 and 0.4 mM) decreased
glucose oxidation rates in rat but not in human islets.
The levels of reduced glutathione were moderately de-
creased in human and rat islet cells and sharply de-
creased in mouse islet cells in response to hydrogen
peroxide. Moreover, the activities of catalase and super-
oxide dismutase (SOD) were markedly lower in mouse
islets than in human islets. The activity of catalase was
lower in rat islets than in human islets.
Conclusion: Human islets differ clearly from mouse and
rat islets in their increased expression of hsp7o, catalase,
and SOD, which may explain the increased resistance of
human islets to 3 cell toxins.

Address correspondence and reprint requests to: Nils
Welsh, Department of Medical Cell Biology, Biomedical
Center, P.O. Box 571, S-751 23 Uppsala, Sweden.
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INTRODUCTION
The sensitivity of the pancreatic 13 cell to noxious
agents may be an important determinant in the
pathogenesis of insulin-dependent diabetes mel-
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litus (IDDM) (1,2). More specifically, it has been
proposed that the clinical manifestation of IDDM
is preceded by a prediabetic period characterized
by a gradual loss of the 13 cell mass (3). During
this period, 13 cell death has been suggested to be
accelerated by factors such as nitric oxide (NO),
oxygen free radicals, alkylating substances, vi-
ruses, and cytokines (3,4). We have recently ob-
served major species differences between human
and rodent pancreatic islets in the susceptibility
to some of these agents, both in vitro and in vivo
(2,5). Thus, human islets displayed a lower sen-
sitivity to a combination of cytokines (interleu-
kin- 13 [IL- 1,] + tumor necrosis factor a [TNFa]
+ interferon-,y, an NO donor (nitroprusside), an
alkylating agent (streptozotocin), and an oxygen
free radical generator (alloxan) than mouse and
rat islets (2,5). These results implied that inter-
and intraspecies variation in 13 cell resistance to
various toxins may affect the progression of 13
cell destruction in IDDM (1,2).

In order to further clarify these interspecies
differences, we have presently chosen to study
two major lines of cellular defense: the expres-
sion of the stress proteins heat shock protein 70
(hsp7O) and heme oxygenase (HO) on one hand,
and of the antioxidant enzymes catalase and su-
peroxide dismutase (SOD) on the other. Hsp7O is
induced by a multitude of stressful situations and
is known to rescue cells from misfolding of pro-
teins (6). In a previous study, we observed that
intracellular delivery of hsp70 protected rat islets
against IL- 1,3-induced inhibition of 13 cell func-
tion (7). Both hsp70 and HO are induced in 13
cells by IL-,B and may therefore exert protective
actions (8-10). Reduced glutathione (GSH) and
the antioxidant enzymes SOD and catalase con-
stitute not only the main cellular defence against
oxygen free radicals, but also protect against
other noxious chemicals and reactive intermedi-
ates (11). It has previously been proposed that
rodent 13 cells express low levels of antioxidant
enzymes and are therefore particularly vulner-
able to oxidative stress (12,13). In the present
study, we have found species-specific differences in
these two major defense systems, which may ex-
plain the lower sensitivity to 13 cell damage previ-
ously observed in human islets.

MATERIALS AND METHODS
Islet Isolation and Culture
Thirty-three human pancreata were excised
from heart-beating organ donors, transported to

the Central Unit of the 13 Cell Transplant, Brus-
sels, where islets were isolated as previously de-
scribed (14). The age of the donors was 32 + 3
years (mean + SEM; range: 7-64 years). Ali-
quots of the islet-enriched fraction were exam-
ined by electron microscopy (n = 33), revealing
4.4 + 0.5% dead cells and 1.6 ± 0.5% acinar
cells in the preparations. The prevalence of insu-
lin- and glucagon-positive cells was evaluated by
light microscopical examination of immunocyto-
chemically stained cells (15), indicating 54 ± 2%
insulin-positive cells and 10 + 1 % glucagon-
positive cells. The islet insulin content was 1.52
± 0.10 ng insulin/ng DNA.

After isolation, the human islets were cul-
tured in Ham's F- 10 medium containing 6.1 mM
glucose and 0.5% (w/v) bovine serum albumin.
After 2-9 days (4.5 ± 0.3 days) the islets were
sent by air to Uppsala, where they were cultured
free-floating in groups of 150-200 islets/dish in
RPMI 1640 medium containing 5.6 mM glucose
and 10% (v/v) fetal calf serum (FCS), with me-
dium change every 2 days (for details on human
islet transport and culture see Ref. 14). Rat islets
were isolated from male Sprague-Dawley rats
(local Uppsala colony), and were cultured in a
similar way (16) except for the presence of 11
mM glucose in the RPMI 1640 medium (16,17).
Isolated mouse islets were obtained from NMRI
mice (B&K Universal, Sollentuna, Sweden) and
were cultured as the rat islets. We have previ-
ously shown that functional preservation in
RPMI 1640 medium is optimal at 5.6 mM glucose
for human islets (14) and at 11 mM glucose for
rodent islets (16,17). In some experiments hu-
man islets were cultured in RPMI 1640 supple-
mented with 1 or 10% FCS, 5.6 or 11 mM glu-
cose, or in Ham's F-10 or Parker 199 media
supplemented with 10% FCS.

Immunoblot Analysis of hsp7O and HO

Groups of 100 mouse, rat, or human islets were
taken directly from different culture conditions
or incubated for 30 min at 37 or 42°C and then
cultured for an additional 6 hr at 370C. The islets
were then washed in cold PBS, pelleted, and
briefly sonicated in 100 ,ul cold TE (10 mM Tris,
1 mM EDTA). An aliquot was taken for total
protein content determination according to
Bradford (18), and the remaining sample was
precipitated with three volumes of cold acetone.
After centrifugation (5 min at 12,000 X g), pro-
tein pellets were solubilized in 30 ,ul SDS-gel
sample buffer (2% SDS, 100 mM Tris, pH 6.8,
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100 mM /3-mercaptoethanol, 0.01% bromophe-
nol blue, and 10% glycerol) by boiling for 4 min.
Equal amounts (20 ,ug) of protein were then run
on 12% SDS-polyacrylamide gels. After electro-
phoresis, proteins were electrically transferred to
nitrocellulose filters and incubated with rabbit
anti-rat HO antibody (StressGen Biotechnolo-
gies, Victoria, British Columbia, Canada) or rab-
bit anti-bovine hsp7o antibody (19) diluted
1:1000 in PBS + 5% fat-free milkpowder. Horse-
raddish peroxidase (HRP) linked goat anti rabbit
Ig was used as a second layer. The immunode-
tection was performed as described for the ECL
immunoblotting detection system (Amersham
International, United Kingdom). The intensities
of the bands were quantified by densitometry
(Beckman DU-62).

Purification and Quantification of hsp70
from Mouse, Rat, and Human Cells

Hsp7O was purified from approximately 5 X 107
human U937 cells, mouse NIH3T3 cells (both
kindly provided by Dr. K. Nilsson, Uppsala uni-
versity, Uppsala, Sweden), or rat RINm5F cells.
All cells were heat-shocked for 60 min at 43°C
3 hr before protein purification. The hsp7o was
purified by ATP-agarose affinity chromatography
as previously described (20). Protein concentra-
tion was determined according to Bradford (18),
and equal amounts of protein (2 and 10 ng/lane)
were run on 9% SDS-polyacrylamide gels. Hsp7O
bands were visualized after Western blotting and
immunodetection with the anti-hsp7o antibody
as described above.

Immunoblot Analysis of Bcl-2
Human U-266-70 cells and human pancreatic
islets were washed in PBS, lysed in TBS, pH 8.0
(25 mM Tris-HCl, 144 mM NaCl), with the ad-
dition of 0.1% SDS, 50 mM dithiothreitol (DTT),
0.5 mM phenylmethylsulfonylfluoride (PMSF),
1% trasylol, 0.5% desoxycholate (DOC), and 1%
Nonidet P-40 (NP-40). After sonication 3 X 15
sec, the lysates were cleared by centrifugation at
17,000 X g for 30 min. The extract (15 ,ug/lane)
was boiled for 4 min in sample buffer, run on a
15% SDS-polyacrylamide gel, and subsequently
electrically transferred to a hybond ECL filter
(Amersham). The filter was preblocked in TBS
containing 5% nonfat milk and 0.5% NP-40 for
1 hr before overnight incubation with anti-Bcl-2
antibodies diluted 1:50 (21). HRP-conjugated
rabbit anti mouse Ig was used as a second layer.

Transplantation of Human and Rat Islets
to Nude Mice
Duplicate goups of 150-200 cultured human or
rat pancreatic islets were implanted under the
left renal capsule space (22) of normoglycemic
nude (nu/nu) BALB/cBom-nu/nu mice (Bom-
holtgaard, Ry, Denmark). In parallel, the same
number of human and rat islets were frozen in
liquid nitrogen and subsequently stored at
- 700C. Four weeks after transplantation, the
mice were killed and the grafts were harvested
for stress protein quantification, in parallel with
the frozen nontransplanted islets, as described
above.

Glucose Oxidation
Rat and human islets were isolated and exposed
for 2 hr to 0, 0.1, and 0.4 mM hydrogen perox-
ide. Islets were then incubated in triplicate
groups of 10 for 90 min in Krebs-Ringer bicar-
bonate Hepes buffer (without albumin) supple-
mented with D-[U-'4C]glucose, 16.7 mM nonra-
dioactive glucose and the same concentration of
hydrogen peroxide as present during the initial 2
hr. Rates of -glucose oxidation were then deter-
mined as previously described (14).

Spectrofluorometic Determination of GSH

Rat, mouse, and human islets, in groups of 500,
were enzymatically digested for 5-10 min at
370C in PBS containing 0.05% trypsin + 0.02%
EDTA. The cell suspensions were then washed
and resuspended in Krebs-Ringer bicarbonate
buffer containing 10 mM HEPES, 5.6 mM glu-
cose, 2 mg/ml BSA, and 40 ,uM Thiolyte reagent,
monochlorobimane MC (Calbiochem, La Jolla,
CA, U.S.A.) (23). Equal aliquots of the cell sus-
pensions were transferred to 96-well microtiter
plates and incubated for 60 min at 370C. The
fluorescence was then quantified every 30 min
in a Perkin-Elmer LS-5B luminescence spec-
trometer. The excitation and emission wave-
lengths were 395 and 470 nm, respectively.
Emission intensities were calibrated against a
1-mM GSH standard. After the first determina-
tion (0 min), test agents were added to the cells
and the fluorescence was followed for another
180 min. The fluorescence was expressed in per-
centage of the initial value (0 min) or as basal
fluorescence intensity per microgram of islet cell
protein. The presently used method for GSH de-
termination is not fully quantitative. The fluore-
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scense signal may depend upon, for example,
variabilities in the rate of uptake and binding to
GSH of the fluorescent probe (23). Thus, some

caution should be taken when comparing abso-
lute GSH contents of different islet cells. On the
other hand, effects of different test substances,
expressed as percentages of the initial reading
directly before addition of test substances, are

validly monitored by this method.

Enzyme Determinations

The catalase activity of mouse, rat, and human
islets was determined using a spectrophotometric
method (24). Briefly, islets in groups of 200 were

homogenized in 25 mM potassium phosphate
buffer, pH 7.0, and the homogenates were then
incubated with 5.9 M methanol and 4.2 mM
hydrogen peroxide for 20 min at room temper-
ature. The reaction was terminated with potas-
sium hydroxide, and Purpald was then added.
After 10 min, potassium periodate was added,
and the absorbance was measured at 550 nm.

Appropriate blanks and formaldehyde-standards
were also measured.

Islet SOD activities were measured by the
inhibition of the chemiluminescence of luminol,
which was induced by superoxide anions pro-

duced by the action of xanthine oxidase on xan-

thine (25). The activity of SOD causing 50%
inhibition of the chemiluminescence was defined
as 0.01 U.

DNA Nick End-Labeling of Tissue Sections
(TUNEL Staining)

Paraffin embedded sections were deparaffinized
and incubated for 15 min with 20 ,tg/ml protein-
ase K. This was followed by a 5-min exposure to
2% hydrogen peroxide. After repeated washings
with water, each section was incubated at 37°C
for 60 min with terminal deoxynucleotidyl trans-
ferase (10 e.u./50 ,l) and biotinylated deoxyuri-
dine (dUTP) (0.5 nmole/50 gl) (both from Boeh-
ringer-Mannheim, Mannheim, Germany) in
transferase buffer (30 mM Tris, pH 7.2, 140 mM
sodium cacodylate and 1 mM cobalt chloride).
The sections were then repeatedly washed with
water, blocked for 10 min with 2% bovine serum

albumin, and washed again with water. Sections
were incubated with Vectastain ABC (1:100 avi-
din, 1:100 biotinylated horseradish peroxidase,
in PBS and 0.1% bovine serum albumin) (Vector
Laboratories) for 30 min at room temperature.
After repeated washings in water, the sections

a

A B C D E F
FIG. 1. Binding of anti-hsp70 antibodies to
mouse, rat, and human hsp7o in immunoblot
experiments
Hsp7O was purified from human U937 cells (Lanes A
and B), mouse NIH3T3 cells (Lanes C and D), and
rat RINm-5F cells (Lanes E and F). Two (Lanes A, C,
and E) and 10 ng (Lanes B, D, and F) of the purified
hsp7o were run on a SDS-polyacrylamide gel, blot-
ted onto nitrocellulose, and incubated with anti-
hsp7o antibodies (19). Binding was quantified using
ECL and fluorography.

were developed in 3-amino-9-ethylcarbazole so-

lution (10 mg/50 ml 20 mM NaAc, pH 5.2 + 6 ml
DMSO) for 10 min at room temperature, washed
in water, and cover slips were applied in aqueous
medium.

RESULTS

Recognition of Rat, Mouse, and Human
hsp70 by Anti-hsp7O Antibodies in
Immunoblot Experiments
To ensure identical affinity binding of anti-hsp7o
antibodies to rat, mouse and human hsp7o in
immunoblot experiments, equal amounts of
hsp7o isolated from rat, mouse, and human cells
by ATP-agarose affinity chromatography were

electrophoresed and blotted onto nitrocellulose
filters. As seen in Fig. 1, HI 3 binding to human
hsp7o (Fig. 1, Lanes A and B) was similar to that
to mouse hsp7o (Fig. 1, Lanes C and D) and rat
hsp7o (Fig. 1, Lanes E and F).

Expression of hsp70 and bcl-2 in Mouse,
Rat, and Human Islets in Vitro

The basal expression of hsp7o, as assessed by
immunoblot experiments, was high in non-
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FIG. 2. Contents of hsp70 in control
or heat-shocked mouse, rat, and hu-
man islets
Precultured mouse, rat, and human islets
were incubated for 30 min at either 37
or 41°C and then incubated another 6 hr
at 37°C. Islets were then taken for im-
munoblot experiments as given in Mate-
rials and Methods. Values are means +
SEM for eight (non-heat-shock) or four
(heat-shock) experiments. *p < 0.05 ver-
sus corresponding control islets using
Students t test. +p < 0.01 versus non-
heat-shocked mouse or rat islets using
ANOVA and Fishers PLSD test.

heat-shocked human islets compared with
mouse and rat islets cultured for 5-8 days
(Fig. 2). After heat-shock, hsp70 was strongly
induced in rat and mouse islets, thereby reaching
the levels of human islets (Fig. 2). Directly on
arrival un Uppsala (Day 0), human islets were
taken for hsp70 determinations or cultured for 1
or 7 days at different culture conditions. The
hsp70 levels were not affected by culture for 1 or
7 days in RPMI 1640 containing 10% FCS and
5.6 mM glucose (results not shown). Nor was the
expression of hsp70 affected by 7 days of culture
in RPMI + 1% FCS, RPMI 1640 + 11 mM glu-
cose, Ham's F-10, or Parker 199 media (results
not shown). We also investigated the effects of a
24-hr exposure in the presence of cytokines (25
U/ml of IL-1,B, 1000 U/ml of IFNy, and 1000
U/ml of TNFa) on the expression of hsp70 in
human islets. It was found that the combination
of cytokines did not increase the basal hsp70
level: 2.5 ± 0.6 o.d./mg protein in control islets
and 3.2 + 1.0 in cytokine treated islets (p > 0.05,
n = 4). When the same filters were rehybridized
for Mn-SOD expression, the cytokines induced a
significant increase: 9.6 ± 1.3 o.d./mg protein in
control islets and 15.6 ± 1.5 in cytokine treated
islets (p < 0.01, Student's paired t test, n = 4).
Expression of bcl-2 was not detected in human
pancreatic islets in immunoblot experiments
(Fig. 3). U-266-70 cells, which are known to
express high levels of bcl-2 (26), were used as a
positive control.

Expression of hsp7O in Rat and Mouse
Islets After Collagenase Isolation

Directly after the collagenase isolation proce-
dure, only low levels of hsp70 were expressed in

rat and mouse islets (Fig. 4). After 1 and 3 days in
culture, however, there was a moderate induc-
tion of hsp7o in both types of islets. The hsp70
levels had returned to basal on Day 7 of culture
in mouse islets, and to some extent also in rat
islets (Fig. 4).

Levels of hsp70 and HO in Rat and
Human Islets Transplanted to Nude Mice

Human islets, which were not transplanted to
nude mice but instead frozen before analysis,
exhibited increased basal levels of hsp7O com-
pared with rat islets (Fig. 5). After exposure to an
in vivo environment for 4 weeks, this difference

N Q 0Zs tQ

Bcl -2-

Mw kD

-106
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- 49.5

- 32.5

- 27.5

- 18.5

FIG. 3. Expression of bcl-2 in human islets
Human islets (pancreata number 79 an 80) and
U-266-70 cells were used for immunoblot experi-
ments using anti-bcl-2 antibodies (21). bcl-2 specific
binding was visualized by ECL and fluorography.
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FIG. 4. Contents of hsp7O in rat and
mouse islets following collagenase
isolation
Rat and mouse islets were taken for im-
munoblot experiments either directly
after collagenase isolation or after 1, 3,
and 7 days of in vitro culture. hsp7o
contents were determined as given in
Materials and Methods. Values are
means + SEM for four observations.
*p < 0.05 versus corresponding control
islets on Day 0 for a chance difference
using Students t test.

I--
c

._

cn

a)

CL
0.

I-

C)
o
Ir

persisted (Fig. 5). The hsp7o levels both in the hu-
man and rat islet transplants were lower than those
observed in the in vitro cultured islets. However,
since we cannot exclude that the islet cell compo-
sition and mass was affected by the transplantation
procedure, this decrease does not necessarily imply
that the hsp7o content was decreased on an islet
cell basis. When the same filters were re-exposed to
anti-HO antibodies, a completely different pattern
was observed. Cultured rat islets expressed high
HO levels, which were very much decreased after
the 4-week period in vivo (Fig. 5). Also freshly
isolated rat islets expressed low contents of HO,
which were increased by in vitro culture (results
not shown). The HO contents of human islets were
low at both conditions (Fig. 5).

FIG. 5. Contents of hsp7O and HO
in human and rat islets prior to and
after transplantation to nude mice
Precultured rat and human islets (5-8
days) were either frozen at -70°C or
transplanted under the kidney capsule of
nude mice (22). After 4 weeks in vivo,
the transplanted islets were retrieved
and used for immunoblot experiments.
After incubation with anti-hsp7o anti-
bodies, filters were reincubated with HO
antibodies. Results are means + SEM for
three experiments. **p < 0.01 for a
chance difference versus cultured rat is-
lets and cultured human islets, respec-
tively, using ANOVA and Scheffes F test.
***p < 0.001 versus cultured rat islets
using ANOVA and Scheffes F test.
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Effects of Hydrogen Peroxide,
Nitroprusside, and Nicotinamide on
Mouse, Rat, and Human Islet GSH Levels

When comparing the basal GSH levels of rat,
mouse and human islet cells before additions of
different test substances, no differences were ob-
served (mouse islets: 46.2 + 9.7, n = 4; rat islets:
52.1 + 3.0, n = 4; human islets: 61.7 ± 9.7, n =
5 and p > 0.05, results expressed as fluorescence
intensity/,g protein). In rat, mouse, and human
islet cells, the contents of GSH decreased in re-
sponse to hydrogen peroxide (Figs. 6A, 7A, and
8A). This decrease was maximal already at 0.1
mM hydrogen peroxide, indicating that the islet
GSH-dependent breakdown of hydrogen perox-
ide was saturated at concentrations lower than
0.1 mM. The hydrogen peroxide-induced de-
crease in GSH after 180 min was only 10-20% of
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t- Control, Mouse
a 0.1 mM HP, Mouse
a 0.2 mM HP, Mouse
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Minutes

~- Control, mouse
- 50 mM NA, mouse

- 0.2 mM SP, mouse
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Minutes

FIG. 6. Effects of hydrogen peroxide, nicotinamide, and nitroprusside on mouse islet GSH contents

A suspension of dispersed mouse islet cells was incubated with the fluorescent probe monochlorobimane (40 ,uM)
for 60 min at 37°C. After the preincubation period, the fluorescence was determined and set to 100% (initial val-
ue). Additions of (A) 0.1 and 0.2 mM hydrogen peroxide (HP) and (B) 50 mM nicotinamide or 0.2 mM sodium
nitroprusside (NA and SP) were done directly after Time 0. The fluorescence was determined every 30 min for 180
min. Values are means ± SEM for three experiments.

the initial value (Time 0) in human islet cells
whereas the decrease was 20-30% in rat and 60-
70% in mouse islet cells (Figs. 6A, 7A, and 8A).

The free radical scavenger nicotinamide in-
creased the GSH levels in human islets signifi-
cantly after 30 min (Fig. 8B). Although the GSH-
response to nicotinamide in rat and mouse islet
cells was not significantly different from that of
corresponding control cells, there was a trend to
higher GSH levels after 30-60 min of nicoti-
namine exposure (Figs. 6B and 7B).

The nitric oxide donor sodium nitroprusside
induced a significant decrease in GSH at all time

points in human islet cells (p < 0.05, Fig. 8B),
and only a nonsignificant trend to lower GSH levels
in rodent islet cells (Figs. 6B and 7B). Nicotinamide
protected transiently (30-60 min) against the hy-
drogen peroxide- and sodium nitroprusside-in-
duced decrease in human islet cell GSH.

Effects of Hydrogen Peroxide on Rat and
Human Islet Glucose Oxidation Rates

After a 2-hr exposure period to 0, 0.1, or 0.4 mM
hydrogen peroxide, the glucose oxidation rates

of rat islets were 757 ± 84, 487 ± 58 (p < 0.05
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FIG. 7. Effects of hydrogen peroxide, nicotinamide, and nitroprusside on rat islet GSH contents

GSH levels of dispersed rat islet cells were determined as given in Fig. 6. Values are means ± SEM for four experi-
ments.

versus control islets, unpaired t test, n = 5) and
415 + 67 (p < 0.05 versus control islets, un-

paired t test, n = 5) pmol/10 islets x 90 min,
respectively. Corresponding values for human
islets were 207 46, 235 + 13, and 286 20
pmol/10 islets X 90 min (p > 0.05 versus control
islets, n = 4).

Activities of Catalase and SOD in Rat,
Mouse, and Human Islets

The activities of catalase and SOD were mark-
edly lower in mouse islets than in rat islets
(Table 1). On the other hand, corresponding
activities of human islets were higher than
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Control, Human islets
0.1 mM HP, Human islets

- 0.2 mM HP, Human islets
K" 0.2 mM HP + s0 mM NA

200
Minutes

Control, Human islets
50 mM NA, Human islets
0.2 mM SP, Human islets
0.2 mM SP + 50 mM NA

0 100 200

Minutes

FIG. 8. Effects of hydrogen peroxide, nicotinamide and nitroprusside on human islet GSH contents

GSH levels of dispersed human islet cells were determined as given in Fig. 6. Values are means ± SEM for two to
three experiments, except with the 0.2 mM HP + 50 mM NA addition which represents only one observation.
*p < 0.05 for a chance difference between control cells and cells incubated with 50 mM NA using Student's paired
t test. +p < 0.05 for a chance difference between 0.2 mM SP and 0.2 mM SP + 50 mM NA using Student's paired
t test. At all time points after Time 0, the 0.2 mM SP group was lower than controls (p < 0.05-0.01, Student's
paired t test).

those of both mouse and rat islets (Table 1).
Thus, the catalase activity of mouse islets
was only 10% that of human islets, and the
mouse SOD activity was 35% of that of human
islets.

Effects of Streptozotocin on Rat and
Human Islet Cell Apoptosis

Using the TUNEL staining method, apoptotic
cells can be identified in a tissue section by a
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TABLE 1. Activities of catalase and
superoxide dismutase in rat, mouse, and
human pancreatic islets

Superoxide
Catalase Dismutase
(pkat/mg (mU/,ig
protein) protein)

Rat islets 122 ± 3.2 (4) 7.3 ± 0.6 (4)
Mouse islets 19.4 ± 3.9 (4)a 3.2 ± 0.5 (4)b
Human islets 197 ± 11.6 (5)a 9.1 ± 1.7 (5)

Rat, mouse, and human islets were precultured for 5-8
days in RPMI 1640 containing 11.1 (mouse and rat) or 5.6
mM glucose (human). Groups of 200-300 islets were taken
for enzyme activity determination as given in Materials and
Methods. Results are given as means ± SEM, with the
number of experiments in parentheses. ap < 0.001 and
bp < 0.01 when comparing with rat islets using Student's t
test.

dark-brown nucleus, which is condensed and
sometimes fragmented. Apoptotic cells were of-
ten observed centrally in large rat islets (Fig. 9A),
but not in human islets (Fig. 9D). These accumu-

lations of apoptotic cells probably represent what
is usually referred to as "central necrosis" (i.e.,
death of centrally located cultured islet cells in
large islets due to decreased diffusion of oxygen

and/or nutrients). In both rat and human islets,
no increased rate of apoptosis could be observed
after a 2-hr exposure to 0.5, 2.0, or 12 mM
streptozotocin compared with control islets
(Fig. 9 A, B, D, and E). However, after a 24-hr
exposure period at 0.5 mM streptozotocin, a

clear increase in the frequency of apoptotic nu-

clei was observed in rat islets (Fig. 9C). No rat
islets could be recovered after 24 hr at 2.0 and 12
mM streptozotocin (results not shown). There
was no apparent increase in apoptosis in human
islets exposed for 24 hr to 0.5 and 2.0 mM strep-
tozotocin (Fig. 9F). It was not possible to recover

intact human islets after 24 hr at 12 mM strep-
tozotocin (results not shown).

DISCUSSION
We presently demonstrate that cultured human
islets express high levels of hsp7o compared with
mouse and rat islets. This may either indicate
that human islet cells normally express a high
constitutive level of hsp7O, or that human islet

cells are more stressed in vitro than rodent islet
cells. Since the species-related differences in
hsp7o levels persisted after 4 weeks in an in vivo
environment, and since the hsp7o expression
was not affected by different culture conditions,
we consider it unlikely that the increased hsp7O
expression was due to harsh isolation and trans-
port procedures of the human islets. Indeed, in-
duction of hsp7o in response to stress is known
to be transient (6), as presently observed in rat
and mouse islets following collagenase isolation,
and any stress-induced increase of hsp7O in hu-
man islets should therefore have subsided after
long-term culture or after 4 weeks in vivo. Al-
though the cellular composition of isolated hu-
man islets is slightly different from that of mouse
and rat islets (54% (3cells in human islets in the
present study versus 77% ,3 cells in cultured
mouse islets [27]), this difference would be too
small to explain the pronounced increase in
hsp7o. Our findings, therefore, suggest that the
expression of hsp7o under nonstressed condi-
tions is constitutively higher in human islets
than in rodent islets. It is noteworthy that the
hsp7O expression was not maximal in human
islets, since heat-shock induced a moderate in-
crease in hsp7o. Although differences in the
basal levels of hsp7o among other cells have also
been reported (28,29), the present study is to our
knowledge the first to demonstrate species-re-
lated differences in the basal expression of hsp7o
in primary cells.

A completely different pattern of expression
was observed with the stress protein HO. This
32-kD protein was low in human islets, both in
vivo and in vitro, whereas rat islets expressed
high levels in vitro. The finding that there was no
induction of HO in human islets in vitro is fur-
ther evidence against the idea that culture is
severely stressful for these islets. In analogy with
hsp7O and its constitutive and cognate form,
hsc70, there is one inducible and one constitu-
tive HO gene, denoted HO-1 and HO-2, respec-
tively (30). Transcription of HO-1 is activated by
factors such as heme, heat, UV-light, cytokines,
oxidative stress, and heavy metals (30). In rat
panceatic islets, HO is induced by IL-1i(3 and
heme (10). Since IL-113 also induces hsp7o and
Mn-SOD in these islets (8,9,31), the same tran-
scription factors may be involved in IL-I,(3-in-
duced hsp7O, Mn-SOD, and HO expression. It is
not clear which environmental factor(s) present
during culture induces HO in rat islets. However,
it is possible that the species-related differences
in HO and hsp7O expression may be explained by
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FIG. 9. Effects of streptozotocin on rat and human islet apoptosis
Rat and human islets were treated with different concentrations of streptozotocin for 2 or 24 hr.
Apoptotic cells are characterized by condensed and dark-brown nuclei. (A) Control rat islets with an accumulation
of centrally located apoptotic nuclei. (B) Rat islets treated with 12 mM streptozotocin for 2 hr. A few apoptotic
cells can be observed centrally within one large islet. (C) Rat islets treated with 0.5 mM streptozotocin for 24 hr.
Disrupted islets with a high proportion apoptotic cells can be seen. (D) Human control islets. (E) Human islets ex-
posed to 12 mM streptocotocin for 2 hr. (F) Human islets exposed to 2 mM streptocotocin for 24 hr. In all three
human islet preparations (D-F), there are only a few or no apoptotic cells.

differential transcription factor/regulatory ele-
ment interaction. For example, it has been
shown that the promoter regions of the hsp7O
genes in humans and rodents are differently or-

ganized. While in the human hsp7O gene there
are two promoters, with multiple elements
which interact for maximal basal expression, in

rodents there is only one promoter, with fewer
elements (28).

The putative importance of a constitutively
higher level of hsp7O expression in human islet
cells is at present unclear. Nevertheless, it is gen-
erally agreed that many cell types become less
susceptible to heat and to cytotoxic actions of
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cytokines by the pre-induction of heat-shock
proteins (6). Moreover, intracellular delivery of
hsp7o to rat pancreatic islets counteracted IL- 1f3-
induced inhibition of rat islet function (7). In
view of these findings, it may be suggested that
the increased resistance of human islets to cer-
tain noxious agents might, at least in part, be due
to the increased hsp7o levels. In this context, it is
noteworthy that polymorphic analysis of hsp7O-
Hom genes revealed an association of an ex-
tended MHC-haplotype carrying a rare hsp7O
allele with IDDM (32).

HO catalyzes the conversion of heme to
biliverdin, iron, and carbon monoxide (30). In-
duction of HO during stress is thought to lead to
a more efficient disposal of heme released by
denatured heme-containing proteins. Biliverdin
is then converted to bilirubin, which is an effi-
cient oxygen free radical scavenger (33). Thus,
HO induction might also contribute to the de-
fence against oxygen stress (33-35). However,
since rat islets in vitro are highly sensitive to the
oxygen free radical generator alloxan (2,13),
there is no clear correlation between the expres-
sion of HO and protection against oxidative stress
in rodent pancreatic islets.

Cells rely mainly on two lines of defence
against oxidative stress: GSH-dependent and
GSH-independent inactivation of oxygen free
radicals. GSH is consumed as a substrate in the
glutathione peroxidase-catalyzed conversion of
hydrogen peroxide to superoxide and in detoxi-
fication reactions catalyzed by glutathione trans-
ferase (11). Non-GSH-dependent reactions are
catalyzed by catalase and superoxide dismutase
leading to the conversion of hydrogen peroxide
and superoxide to oxygen and water. By deter-
mination of the islet GSH response to hydrogen
peroxide, and the activities of catalase and super-
oxide dismutase, the two lines of defence were
presently compared in the islets from the differ-
ent species. We observed that human islets are
less sensitive to oxidative stress than rat islets.
This may be ascribed to the higher activity of
catalase in human than in rat islets. The finding
that mouse islet GSH levels were sharply de-
creased by hydrogen peroxide and that the ac-
tivities of catalase and superoxide dismutase
were remarkably low, suggests that these islets
rely mainly on GSH-dependent antioxidant
mechanisms. Rat islets have previously been
shown to be more sensitive than mouse and
human islets to the oxygen free radical generator
alloxan (2). This may indicate that a high gluta-
thione peroxidase activity of mouse islets fully

compensates for the low catalase activity. It
should also be pointed out that other factors
besides antioxidant enzymes may influence the
sensitivity to oxidative stress. For example, it can
be envisaged that species-specific differences in
the rate of uptake of ,B cell toxins may consider-
ably affect the outcome. However, since the sen-
sitivity of rat islets was higher than human islets
to hydrogen peroxide, a toxin which should be
equally permeable to all cell membranes, differ-
ent toxin uptake cannot be the sole factor of
importance. Interestingly, it was recently re-
ported that the islet cell activities of antioxidant
enzymes are lower in female nonobese diabetic
mice (NOD-mice) than in males (36). The NOD-
mouse represents a genetic model for IDDM, in
which females develop diabetes at a much higher
rate than males and oxygen free radicals are
thought to damage ,B cells (37), suggesting a
causal relationship between the islet cell antioxi-
dative capacity and the development of diabetes.

The nitric oxide generator nitroprusside re-
duced the islet cell GSH levels less markedly than
did hydrogen peroxide. This may indicate that
the cellular defence against this free radical does
not involve a substantial consumption of GSH
and that the higher resistance of human islets
against nitric oxide (2) is probably not due to a
more efficient GSH-dependent detoxification.
On the other hand, it cannot be excluded that
sodium nitroprusside generates less free radicals
on a molar basis than hydrogen peroxide.

Nicotinamide has been reported to protect
against oxidative stress and nitric oxide in rodent
islets (38,39). Moreover, we have recently ob-
served that this agent induces a partial protection
against the deleterious effects of cytokines on
human pancreatic islets (40). In the present ex-
periments, nicotinamide transiently increased, or
tended to increase, islet GSH levels in the three
species studied. Moreover, the initial decrease in
human islet cell GSH in response to hydrogen
peroxide and sodium nitroprusside was counter-
acted by nicotinamide. This is in line with the
proposed role of nicotinamide as a weak free
radical scavenger (39). It is not clear why 50 mM
of nicotinamide did not exert a more long-lasting
protection against 0.2 mM of the free radical
generators.

It has been proposed that X3 cells undergo
apoptosis, which is also referred to as pro-
grammed cell death, both in IDDM and NIDDM
(41,42). Recently, it was observed that tumor-
derived 13 cells become apoptotic when exposed
to streptozotocin (43). We have presently ob-
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served that centrally located islet cells of large rat
islets die from apoptosis, and not from necrosis as
previously assumed. Moreover, low doses of
streptozotocin induced widespread apoptosis in
rat islets, but not in human islets. Apoptosis in-
duced by, e.g., DNA damaging drugs (44,45),
growth factor deprivation (44,45), and heat
shock (46) can in other cell types be prevented
by expression of the bcl-2 gene. The finding that
human islet cells do not express bcl-2 implies
that the higher resistance of these cell to (3-cell
toxins cannot be explained by the activity of this
protein.

In conclusion, the present findings support
the view that human islet cells constitutively
express higher levels of hsp7O and possess a
higher antioxidant capacity than rodent islets.
These differences may, at least in part, explain
the lower sensitivity of human 13 cells to different
toxins (2). These marked interspecies differences
suggest that it may be of interest to investigate
whether similar differences in hsp7O and antiox-
idant capacity also exist between diabetes-prone
individuals and those who are not predisposed to
the disease. If this is the case, it may lead to new
markers for predisposition to IDDM.
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