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Heat shock protein (hsp), including hsp70, has been
reported to restore the glucose-induced insulin re-
lease suppressed by nitric oxide (NO). However, the
mechanism underlying this recovery remains unclear.
In the present study, we examine the effects, in rat
islets, of heat shock on insulin secretion inhibited by a
small amount of NO and also on glucose metabolism,
the crucial factor in insulin release. Exposure to a
higher dose (15 U/ml) of interleukin-18 (IL-18) abol-
ished the insulin release by stimulation of glucose or
KCI in both control and heat shocked islets. In rat
islets exposed to a lower dose (1.5 U/ml) of IL-18, insu-
lin secretion in response to glucose, but not to glycer-
aldehydes (GA), ketoisocaproate (KIC), or KCI, was
selectively impaired, concomitantly with lower ATP
concentrations in the presence of 16.7 mM glucose,
while such suppression of insulin secretion and ATP
content was not observed in heat shock-treated islets.
NO production in islets exposed to 1.5 U/ml IL-18 was
significantly, but only partly, decreased by heat shock
treatment. The glucose utilization rate measurement
using [5-*H]-glucose and [2-*H]-glucose and the glu-
cokinase activity in vitro were reduced in islets
treated with 1.5 U/ml IL-18. In heat shock-treated is-
lets, glucose utilization and glucokinase activity were
not affected by 1.5 U/ml IL-1B. These data suggest that
heat shock restores glucose-induced insulin release
inhibited by NO by maintaining glucokinase activity
and the glucose utilization rate in islets in addition to
reducing endogenous NO production.
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Heat shock proteins including hsp70 are known to
play a protective role in cellular survival and function
(1, 2). In pancreatic islets, hsp70 protein itself has not
been reported to influence protein synthesis and insu-
lin secretion (3), but overexpression of hsp70 has been
suggested to prevent rat islet and cell line RINm5F
cells exposed to, an NO donor, sodium nitroprusside
(SNP) from cell lysis (4, 5). In addition, the hsp70
introduced through liposomal delivery or expressed by
heat shock restored the glucose-induced insulin release
inhibited by IL-18 in rat and human islets (3, 6). Al-
though the mechanism may include reduced iNOS ex-
pression (6), heat shock or hsp70 also has been re-
ported to affect the cAMP concentration (7, 8), protein
kinase C activity (9), and the regulation of intracellular
free calcium concentration (10, 11). These reports sug-
gest several possible mechanisms of the protective
function of heat shock in pancreatic islets.

It is well known that nitric oxide (NO) inhibits insu-
lin secretion, but the mechanism is thought to be de-
pendent on the volume of NO. A larger amount of NO
induces apoptosis, leading to cell death and the aboli-
tion of insulin release (12-14), but a relatively smaller
concentration of NO induces a reversible deterioration
of the cellular signal transduction system which sup-
presses insulin release. However, the identity of the
sites disturbed by NO is controversial, and the en-
zymes including glucokinase (15-17), phosphofructoki-
nase (18-20), and aconitase in the Krebs cycle (21) are
all candidates. It has been reported that NO inhibits
phospholipase C activity (22), cAMP synthesis (23),
and insulin mRNA synthesis (24), and increases the
production of free radicals (25) that results in impaired
insulin secretion. In the present study, we examined
the effect of heat shock treatment on glucose metabo-
lism, the crucial factor in glucose-induced insulin re-
lease in islets exposed to 1.5 U/ml IL-18 or NO donors.
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FIG. 1. Time course of hsp70 expression in rat islets after heat
shock. Time course of hsp70 expression from 0 to 96 h after heat
shock is illustrated. Positive control by human recombinant hsp70
(0.01 g/lane) shows most in the left column. The adjacent column
(pre) indicates expression before heat shock treatment. The protein
concentrations are 5 ug/lane. Arrow and bar indicate the experimen-
tal time and exposure period to IL-1p.

We found that heat shock maintains the glucose phos-
phorylation rate of glucose metabolism in islets sub-
jected to NO.

MATERIALS AND METHODS

Materials. The nitrite assay kit was obtained from Cayman
Chemical Company (Ann Arbor, MI). [5-*H]-glucose and [2-°H]-
glucose were obtained from Amersham Int. (Buckinghamshire, UK).
Recombinant human interleukin-18 was obtained from Pepro Tech
Inc. (London, UK), and S-nitroso-N-acetyl-bL-penicilline (SNAP) and
N®-monomethyl-L-arginine (L-NMMA) were purchased from Tocris
Cookson Inc. (Ballwin, MO). Luciferin-luciferase was obtained from
Turner Designs (Sunnyvale, CA). SNP and other chemicals were
obtained from Nakalai Tesque (Kyoto, Japan).

Islet isolation and heat shock treatment. Pancreatic islets were
isolated from male Wister rats weighing 200-250 g by collagenase
digestion as described previously (26). The islets in 15 ml Krebs-
Ringer bicarbonated buffer (KRBB) medium consisting of (in mM)
129.4 NaCl, 4.0 KClI, 2.7 CaCl,, 1.2 KH,PO,, 1.3 MgSO,, and 24.8
NaHCO; containing 11.1 mM glucose and 0.1% BSA were incubated
at 37°C (control) or 42°C (heat shock) for 30 min. The expression of
hsp70 was confirmed by Western blotting method as illustrated in
Fig. 1. Afterward, the isolated islets were cultured at 37°C in CMRL-
1066 medium with 11.1 mM glucose, supplemented with 2 mM
glutamine, 10% fetal calf serum, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin in an atmosphere of 95% air and 5% CO2 until use in
the experiments (24 h). When necessary, 1.5 U/ml or 15 U/ml IL-13
was added to the medium 8 h after culture, and, in the case of the
experiments using NO donors, islets were incubated with 100 uM
SNP or 400 uM SNAP for 1 h after culture for 24 h.

Insulin release from isolated rat pancreatic islets (27). Insulin
release from islets was monitored using batch incubation method.
The control and treated islets were preincubated at 37°C for 30 min
with KRBB medium supplemented with 3.3 mM glucose and 0.2%
BSA. Groups of 5 islets were then incubated for 30 min at 37°C in 0.8
ml of the medium with test materials. At the end of the incubation
period, islets were pelleted by centrifugation and aliquots of the
buffer were sampled. The amount of immunoreactive insulin was
determined by RIA, using rat insulin as standard. Experiments
using the same protocol were repeated three times to ascertain
reproducibility.

Determination of cell viability (4). The cell viability was evalu-
ated by the Trypan blue exclusion assay. At least 200 dispersed
control islet cells and heat shock-treated cells were examined micro-
scopically.
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Measurement of nitrite. The nitrite production was measured by
colorimetric assay. Control islets were cultured in 3 ml CMRL-1066
with 1.5 U/ml IL-1B or with 1.5 U/ml IL-18 and 0.5 mM L-NMMA for
16 h, and the heat shock-treated islets were treated with 1.5 U/ml
IL-1B for 16 h. Nitrate in the culture medium was reduced to nitrite
by adding sulfanilamide, and, afterward, nitrite was converted to azo
product by mixture with N-(1-Naphthyl)-ethylenediamine. The
amount of nitrite was determined by photometric measurement of
the absorbance of emission from azo products (at 546 nm), using BIO
RAD model 550.

Measurement of ATP content in islets (28). After preincubation at
3.3 mmol/l glucose for 30 min, 10 cultured islets were incubated in
0.8 ml KRBB supplemented with 16.7 mM glucose and 0.2% BSA at
37 for 30 min. The reaction was stopped by the addition of trichlo-
roacetic acid (TCA), the concentration of 5% at the time of examina-
tion. The reaction buffers were immediately mixed with vortex, and
then sonicated at 4°C. 0.8 ml of supernatant obtained by centrifuga-
tion was mixed with 1 ml of water-saturated diethyl ether, and the
ether phase containing TCA was removed repeatedly, and a fraction
of the extracts was diluted with 0.1 ml 20 mM Hepes solution (pH 7.4
with NaOH). The ATP concentration in the solutions was measured
by adding luciferin-luciferase solution using a bioluminometer (Lu-
minometer Model 20e, Turner Designs, Sunnyvale, CA). To draw a
standard curve, blanks and ATP standards were run through the
entire procedure, including the extraction steps.

Glucose utilization in isolated islets (29). Cultured islets were
preincubated in KRBB medium supplemented with 3.3 mM glucose
and 0.2% BSA at 37°C for 30 min. Triplicate batches of 30 islets for
each condition were placed into micro tubes to which were added 1.5
Ci of [5-°H]-glucose (specific activity 91.7 mCi/mg) or [2-*H]-glucose
(specific activity 91.7 mCi/mg) to a final concentration of 16.7 mM
glucose. These batches were incubated at 37°C for 120 min. Aliquots
of the incubation medium (100 wl) and 20 pl of 1N HCI were trans-
ferred into small tubes, and placed into a glass vial containing 5 ml
of H,0. The capped vials were incubated overnight at 37°C to vapor-
ize ®*H,0 from the solution. Afterward, the inner tube was lifted out,
and the dpm of water-melting *H,0 in the vial was counted.

Measurement of glucokinase activity in vitro (30). The activity of
glucokinase was spectrophotometrically measured. Control and treated
islets were preincubated with KRBB medium supplemented with 3.3
mM glucose for 30 min at 37°C. The islets then were homogenized in
solution consisting of 50 mM trisaminomethane and 250 mM saccha-
rose (pH 8.0 with HCI) at 4°C, and the supernatants were obtained from
the homogenates by centrifugation at 4°C. The protein content in the
supernatants was assayed by the method reported by Lowry et al. (31).
The enzyme reaction was performed in solution consisting of (in mM) 50
trisaminomethane, 6.0 MgCl,, 100 glucose, and 5 ATP (pH 7.5 with
HCI) at room temperature. Glucokinase activity was estimated as the
increase in NADH through the following reaction: glucose-6-
phosphate + NAD 6-phosphoglucono-lactone + NADH by NAD-
dependent glucose-6-phosphate dehydrogenase. Correction for hexoki-
nase activity was applied by subtracting the activity measured at 0.5
mM glucose from the activity measured at 100 mM glucose. One unit
was defined as the amount of enzyme which catalyzes the formation of
1 wmol/l NADH/min under these conditions.

Statistical analysis. The statistical analysis of results and the
significance of the differences were evaluated by unpaired Student’s
t test, and P < 0.05 was considered significant. Results were ex-
pressed as mean = SE.

RESULTS

The Effect of Heat Shock Treatment
on Insulin Secretion

Insulin release stimulated by 16.7 mM glucose was
abolished in both control and heat shock-treated rat
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FIG. 2. Effect of exposure to 15 U/ml or 1.5 U/ml IL-1B on insulin
release in control and heat shock-treated islets. (A) Effect on 16.7
mM glucose induced insulin secretion. (B) Effect on 30 mM KCI- or
10 mM KIC-induced insulin secretion. Open bars show control islets
and hatched bars show heat shock-treated islets. Each bar shows
mean = SE of 6 observations. *P < 0.01.

islets treated with 15 U/ml IL-18 (Fig. 2A). On the
other hand, insulin release in response to 16.7 mM
glucose was partly suppressed in control islets exposed
to 1.5 U/ml IL-13, and this suppression was reversed to
101.2 £ 4.7% (n = 7) of control by the addition of 0.5
mM L-NMMA. In heat shock-treated islets, exposure to
1.5 U/ml IL-18 did not affect the insulin release en-
hanced by 16.7 mM glucose (Fig. 2A). 15 U/ml IL-18
also suppressed the 30 mM KCI-induced insulin re-
lease even in heat shock-treated islets, however, re-
gardless of heat shock treatment, the insulin secretion
stimulated by 30 mM KCI or a mitochondrial metabo-
lite, 10 mM KIC, was not inhibited by exposure to 1.5
U/ml IL-18 (Fig. 2B). Smaller secretions in response to
10 mM glyceraldehydes (GA) in control (19.7 = 2.8
pU/islet/30 min) and heat shock-treated islets (14.7 =
1.2 pUl/islet/30 min) was not changed by exposure to
1.5 U/ml IL-18 (18.8 = 1.3 pUl/islet/30 min in control
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+

and 15.3 1.4 pUlislet/30 min in the heat shock
group). In the islets exposed for 1 h to 0.1 mM SNP or
0.4 mM SNAP, the 16.7 mM glucose-induced insulin
secretion was similarly inhibited to the level of 55.1 +
5.7% or 74.6 = 7.6% of control, while each of the secre-
tions remained at levels similar to controls in heat
shock-treated islets.

Cell Viability

The spontaneous lysis of control cells was in the
range of 14.5 = 1.2% (n = 3), and lysis of heat-treated
cells was in the range of 11.9 = 2.4% (n = 3). After
treatment of rat islets for 24 h with 1.5 U/ml IL-18, the
spontaneous lysis of control cells was in the range of
8.7 + 1.4% (n = 3), and lysis of heat-treated cells was
in the range of 10.1 + 2.6% (n = 3). These values were
not significantly different.

IL-1B-Induced NO Production in Islets

As illustrated in Fig. 3, in the presence of 1.5 U/ml
IL-18 NO production in heat shock-treated islets was
22.8 + 0.6% (n = 3) less at 16 h than in control. The
IL-1B-induced increase in NO production was com-
pletely suppressed in islets cultured with 0.5 mM
L-NMMA, an iNOS inhibitor.

Effect of NO on Glucose Metabolism in Control and
Heat Shock Treated Islet

The intracellular ATP content in the presence of 16.7
mmol/l glucose in islets exposed to IL-18 or 0.1 mM
SNP was significantly less than in controls, while in
islets with heat shock treatment, ATP contents were
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FIG. 3. NO production after exposure to IL-1f3 in rat control and
heat shock-treated islets. NO production in control islets (open bar),
heat shock-treated islets (black bar) and control islets with 0.5
mmol/l NMMA (hatched bar) for 16 h (from addition of IL-18 to
experimental time) are shown. Each bar shows mean *= SE of 3
observations. *P < 0.01 between both bars.



Vol. 284, No. 1, 2001

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 1

Effect of 1.5 U/ml IL-18 or SNP on ATP Content, Glucose Utilization, and Glucokinase Activity
in Control and Heat Shock-Treated Islets

(A) IL-18 (1.5 U/ml)

ATP content
(pmol/islet) (n = 7)

[2-*H]-glucose utization
(pmol/islet/h) (n = 4)

[5-*H]-glucose utilization
(pmol/islet/h) (n = 4)

Glucokinase activity
(U/mg protein) (n = 4)

() () =)

()

(=) () ) ()

IL-18
control islets 6.8+04 35+02% 269.8=97 2206=11.1* 164.7+19.0 108.8=+3.7* 041=0.05 0.17 + 0.03*
heat shock islets 5.6 +0.2 5804 1831 =113 1746 =7.6 1222 +19.0 1356*95  0.45=0.07 0.46 = 0.06

(B) SNP (0.1 mM)

SNP
control islets 48+02 29+02% 1269+05 106.6 +2.0% 1784+7.7 1474 +15% 042+001 0.33 = 0.02*
heat shock islets 7.4+0.6 7.4+02 1156=83 1261 =37 1721 +74 1723 =245 038=0.05 0.39 = 0.06

* P < 0.01 versus corresponding values without IL-18 or SNP.

almost identical regardless of exposure to IL-18 (Table
1). Similarly, the intraislet ATP content in controls was
significantly reduced by treatment with 0.4 mM SNAP
(5.0 = 0.3 to 2.3 = 0.2), while this was not the case in
the heat shock-treated groups (6.8 = 0.3 versus 6.3 =
0.2). The glucose utilization rate using [5-*H]-glucose
or [2-*H]-glucose is known to reflect the phosphofruc-
tokinase activity rate or the glucose phosphorylation
rate, respectively. The glucose utilization rate using
either tracer in islets exposed to IL-18 or SNP was
significantly less than in the respective controls. How-
ever, there was little reduction in the glucose utiliza-
tion rate by IL-18 or SNP in the islet groups treated by
heat shock (Table 1).

The glucokinase activity in islets exposed to IL-13 or
SNP was significantly reduced, compared with the ac-
tivity in control islets. In the heat shock-treated
groups, the glucokinase activity in islets treated with
IL-18 or SNP was kept to the same level as in control
(Table 1). The hexokinase activity in control and heat
shock-treated islets was 0.14 + 0.02 U/mg protein and
0.13 = 0.02 U/mg protein, respectively, and was not
significantly altered by exposure to NO.

DISCUSSION

Glucose-induced insulin secretion is well known to
be inhibited by NO, but the inhibitory mechanism re-
mains controversial. One reason is the degree of NO
stimulation has not been uniformly reported among
the various studies, and, therefore, the difference in
the amount of IL-13 exposed to islets could determine
the site responsible for the disturbed insulin secretion.
A relatively lower dose (~5 U/ml) reportedly leads to
decreased glucose utilization (16, 17), while a higher
dose (~25 U/ml) suppresses the activity of aconitase in
the Krebs cycle (21). In the present study, exposure to
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a higher dose (15 U/ml) of IL-18 is shown to inhibit
insulin release in response to glucose or KCI, while
GA-, KIC-, and KCI-induced insulin release is not af-
fected in islets treated with a lower dose (1.5 U/ml) of
IL-18, suggesting that NO first suppresses glucose-
induced insulin release by impairing early steps in
glycolysis. To selectively investigate this initial deteri-
oration by NO, 1.5 U/ml IL-18 was chosen in the
present study. Indeed, the ATP content in islets ex-
posed to 1.5 U/ml IL-18 was less than in control in the
presence of 16.7 mM glucose. Furthermore, the glucose
phosphorylation rate and phosphofructokinase rate
was reduced using [2-*H]-glucose and [5-*H]-glucose
with 16.7 mM glucose in NO-treated islets. Consis-
tently with the glucose utilization findings, glucoki-
nase activity in vitro was suppressed in islets exposed
to IL-1B. These results concur with previous reports
that glucokinase activity is suppressed by exposure to
a low dose of NO (16, 17). Glucokinase is a rate-limiting
enzyme in glycolysis, and its inhibition is known to
result in impaired glucose-induced insulin secretion
(32). Accordingly, our finding of glucokinase activity
disturbed by NO implicates the mechanism of impaired
glucose-induced insulin release in islets exposed to NO.
Since little cell lysis was found in both the presence
and absence of IL-1p, it is unlikely that the reduced
glucokinase activity is due to enzyme leakage. How-
ever, in the present investigation, NO already had
dissipated from the islets before measurement. This
suggests that glucokinase is conformationally trans-
formed during the exposure to NO, and this is con-
firmed by the suppressive glucokinase activity in vitro.

Several different mechanisms could explain the res-
toration of glucose-induced insulin secretion by heat
shock. First, heat shock might eliminate NO from the
islets. Scarim et al. have shown recently that heat
shock suppresses the expression of iINOS, and leads to
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marked reduction of NO production and to restored
insulin release (6). We find that NO production is
partly reduced in islets treated by heat shock. How-
ever, there is a complete restoration of insulin secre-
tion in these islets even when NO is still produced in
part, similarly to the case of NO production abolished
by NMMA. This suggests another protective function of
heat shock in addition to its suppression of iNOS ex-
pression in the recovery of glucose-induced insulin re-
lease. Second, heat shock might activate many of the
sites responsible for the augmentation of insulin re-
lease. Heat shock has been reported to increase the
intracellular cAMP level in other cells, such as human
A-431 cells (7) and human thymocytes (8). A rise in
cAMP concentration would stimulate insulin secretion,
but there is no confirmation of this in cells. In addition,
IL-1 reportedly inhibits phospholipase C activity (22)
and Ca’*-induced exocytosis (33) in rat islets. Our data
show that Ca’®'-evoked insulin release induced by 30
mM KClI is not influenced by the expression of iINOS or
by exposure to SNP in the presence or absence of heat
shock treatment. This may not indicate any specific
role of heat shock treatment on steps after Ca®" influx,
but, because the effects of heat shock on phospholipase
C activity and Ca*"-dependent exocytosis have not yet
been determined, further investigation is required to
clarify the function of heat shock on intracellular sig-
nal transduction in pancreatic B cells. Third, heat
shock might facilitate repair of sites injured by NO.
Heat shock-treated islets exposed to NO are similar to
control islets in glucose-induced insulin secretion, ATP
content in the presence of 16.7 mM glucose, glucose
utilization rate, and glucokinase activity in vitro.
These findings strongly suggest that heat shock pro-
tects glucokinase activity from NO attack, promoting
glucose metabolism and insulin release in response to
glucose. Ma et al. have reported that IL-13 maintains
the mMRNA content of glucokinase for several hours,
and that it subsequently decreases in rat islets (16). In
the present study, the effect of exposure to SNP for
only 1 h on glucose utilization and glucokinase activity
resembled the inhibitory efficacy of IL-18. Accordingly,
protection by heat shock probably is not mediated by
the diminution of glucokinase mRNA. The possibility
that glucokinase activity is directly, allosterically mod-
ulated seems unlikely since heat shock is not known to
have an allosteric function and the glucokinase activity
disturbed by NO did not recover in the presence of
recombinant hsp70 in vitro (unpublished observation).
Finally, heat shock probably has a protective function
on structural transformation of the enzyme. Taken
together, heat shock might protect glucose-induced in-
sulin secretion from NO attack not only by reducing
NO production, but also by maintaining glucokinase
activity in pancreatic g cells.

The function of heat shock in islets under physiolog-
ical conditions remains unknown. Because NO gener-
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ated via iINOS may be related to cell lysis (34, 14), heat
shock would protect against cell death through main-
tenance of glucose metabolism and other intracellular
signal transduction. On the other hand, fever and glu-
cose intolerance concomitant with hypoinsulinemia
have been reported when IL-1 is injected in normal
rats (35). IL-18 originating from an infectious focus
simultaneously induces fever and the expression of
iNOS in cells, resulting in impaired glucose-induced
insulin release. Such impairment could well be amelio-
rated by heat shock administered during fever because
of its protective role in transient suppression of the
insulin secretion and its maintainence of glucokinase
activity during fever or ischemic stress.

In rat islets exposed to a smaller dose of NO, the
insulin release in response to glucose was selectively
inhibited. In addition, there was a lower ATP concen-
tration, reduced glucose utilization, and reduced glu-
cokinase activity in the islets. NO generation via iNOS
was in part somewhat reduced in islets treated by heat
shock; in addition, heat shock reduced the scale of the
alterations in glucose metabolism. Accordingly, heat
shock might function a chaperone for the glycolytic
enzyme, glucokinase, and so be crucial in the main-
tainence of as well as glucose-induced insulin secretion
in pancreatic B cells.
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