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Defective Glucose-Stimulated Insulin Release in the
Diabetic Goto-Kakizaki (GK) Rat Coincides with
Reduced Activity of the Islet Carbon Monoxide
Signaling Pathway

Henrik Mosén, Albert Salehi, Per Alm, Ragnar Henningsson, Javier Jimenez-Feltström,
Claes-Göran Östenson, Suad Efendic, and Ingmar Lundquist

Department of Pharmacology, Institute of Physiological Sciences (H.M., A.S., R.H., J.J.-F., I.L.) and Department of
Pathology (P.A.), University of Lund, S-221 84 Lund, Sweden; and Department of Molecular Medicine (C.-G.O., S.E.),
Karolinska Institute, S-171 76 Stockholm, Sweden

The Goto-Kakizaki (GK) rat displays a markedly reduced in-
sulin response to glucose, a defect that is thought to be cou-
pled to an impaired glucose signaling in the �-cell. We have
examined whether carbon monoxide (CO), derived from �-cell
heme oxygenase (HO), might be involved in the secretory dys-
function. Immunocytochemical labeling of constitutive HO
(HO-2) showed no overt difference in fluorescence pattern in
islets from GK vs. Wistar controls. However, isolated islets
from GK rats displayed a markedly impaired HO activity mea-
sured as CO production (�50%), and immunoblotting revealed
an approximately 50% reduction of HO-2 protein expression
compared with Wistar controls. Furthermore, there was a
prominent expression of inducible HO (HO-1) in GK islets.
Incubation of isolated islets showed that the glucose-stimu-

lated CO production and the glucose-stimulated insulin re-
sponse were considerably reduced in GK islets compared with
Wistar islets. Addition of the HO activator hemin or gaseous
CO to the incubation media brought about a similar amplifi-
cation of glucose-stimulated insulin release in GK and Wistar
islets, suggesting that distal steps in the HO-CO signaling
pathway were not appreciably affected. We conclude that the
defective insulin response to glucose in the GK rat can be
explained, at least in part, by a marked impairment of the
glucose-HO-CO signaling pathway as manifested by a prom-
inent decrease in glucose stimulation of islet CO production
and a reduced expression of HO-2. A possible role of HO-1
expression as a compensatory mechanism in the GK islets is
presently unclear. (Endocrinology 146: 1553–1558, 2005)

RECENT INVESTIGATIONS HAVE demonstrated that
under normal physiological conditions the islets of

Langerhans have the capacity to produce significant
amounts of the gases nitric oxide (NO) (1– 8) and carbon
monoxide (CO) (9 –12). There is now growing evidence
that these gaseous molecules serve as novel signaling mes-
sengers in the regulation of insulin and glucagon secretion
(1–23). The enzymes responsible for these signaling gases
are for NO, the neuronal isoform of constitutive NO syn-
thase (ncNOS); and for CO, the constitutive isoform of
heme oxygenase (HO-2). Both ncNOS and HO-2 have
been found to reside in all four main types of endocrine
cells in the islets, i.e. the insulin-producing �-cells and the
glucagon-producing �-cells, and in the somatostatin cells
and the pancreatic polypeptide cells (10 –12, 23, 24).
Most data speak in favor of ncNOS-derived NO being a
negative modulator of glucose-stimulated insulin secre-
tion, whereas HO-2-derived CO is stimulatory in this re-
gard (1–14, 17–20, 22, 23). It should be recalled that also the
inducible forms of NOS (iNOS) and HO (HO-1) have been

shown to occur in the �-cells under certain pathophysio-
logical conditions, and iNOS in the �-cell is proposed to be
implicated in the development of type 1 insulin-dependent
diabetes, by means of its ability to produce large, cytotoxic
amounts of NO (5, 6, 8, 11, 12, 24 –29). In contrast, CO and
bilirubin produced by HO-1 have been suggested to be
protective agents in this context (11, 12, 29, 30).

We have previously hypothesized (5, 6, 8, 10 –12, 14, 17,
20, 31) that dysregulation of the production of NO and/or
CO in the �-cell might be of importance for the develop-
ment of type 2 non-insulin-dependent diabetes. The mildly
diabetic Goto-Kakizaki (GK) rat, an animal model of the
nonobese type 2 diabetes (32), has previously been sug-
gested to be equipped with multiple abnormalities in the
mechanisms of glucose-stimulated insulin release such as
abnormal glucose and glycogen metabolism, deficient
activity of FAD-linked glycerophosphate dehydrogenase,
increased expression of protein-tyrosine phosphatase,
defective KATP channel activity, and impaired [Ca2�]i han-
dling (33– 40). However, the results reported from differ-
ent laboratories are often contradictory and the nature
of the defects in glucose-induced stimulus secretion cou-
pling is still unclear (33–38). Thus, in the present inves-
tigation, we have attempted to evaluate whether a dys-
function of islet CO production might play a role in the
impairment of glucose-stimulated insulin release seen in
the GK rat.
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Materials and Methods
Chemicals

The RIA kits for insulin determination was obtained from Diagnostica
(Falkenberg, Sweden). Collagenase was obtained from Worthington
Biochemicals (Freehold, NJ). BSA was purchased from ICN Biomedicals
(High Wycombe, UK). Hemin-HCl and �-reduced nicotinamide-
adenine dinucleotide phosphate were from Sigma Chemical (St. Louis,
MO). The antisera to HO-1 (OSA 100) and HO-2 (OSA 200) were from
StressGen Biotechnol (Victoria, British Columbia, Canada). All other
chemicals were from British Drug Houses Ltd. (Poole, UK) or Merck AG
(Darmstadt, Germany).

Animals

Young male GK rats of the Stockholm colony and Wistar controls
(B&K Universal, Sollentuna, Sweden), weighing 150–200 g, were used.
They were fed a standard pellet diet (B&K Universal) ad libitum with free
access to water. The animal experiments were approved by the local
animal welfare committee (Lund, Sweden).

Immunocytochemistry

Pancreatic glands were dissected, divided into pieces, and processed
for immunocytochemical demonstration of HO-2 as previously de-
scribed (10, 24). Cryostat sections, cut at a thickness of 8 �m, were
incubated overnight with rabbit antiserum to HO-2 (OSA 200) (1:1000).
After rinsing the sections were incubated for 90 min with fluorescein
isothiocyanate- or Texas Red-conjugated donkey antirabbit Igs (IgG),
rinsed, and mounted. The HO-2 antiserum was diluted with PBS. In
control experiments no immunoreactivity could be detected in sections
incubated in the absence of HO-2 antiserum or with antiserum absorbed
with excess of the HO-2 immunizing antigen (100 �g/ml). Epi-illumi-
nation and appropriate filter settings for Texas Red and fluorescein
isothiocyanate immunofluorescence were used in the microscopical ex-
amination of the sections.

Western blot analysis

Approximately 150 freshly isolated islets were collected in Hanks’ buffer
(100 �l) and sonicated on ice (3 � 10 sec). Homogenate samples, repre-
senting 10 �g of the islet protein, were then run on 10% SDS-PAGE. After
electrophoresis, proteins were transferred to nitrocellulose membranes by
electrotransfer (10–15 V, 60 min) (semidry transfer cell, Bio-Rad, Richmond,
CA). The membranes were blocked in 9 mmol/liter Tris-HCl (pH 7.4)
containing 5% nonfat milk powder for 40 min at 37 C. Immunoblotting with
rabbit antimouse HO-1 (OSA 100) (1:500) and HO-2 (OSA 200) (1:1000) was
performed for 16 h at room temperature. The membrane was washed twice
and then incubated with alkaline phosphatase-conjugated goat antirabbit
immunoglobulin (1:10,000) (Sigma) for 90 min. Antibody binding to HO-2
and HO-1 was detected using 0.25 mmol/liter CDP-Star (Tropix, Bedford,
MA) for 5 min at room temperature. The chemiluminescence signal was
visualized by exposing the membranes to DuPont Cronex x-ray films for
1–5 min. The intensities of the bands were quantified by densitometry
(Bio-Rad GS-710 Densitometer).

Assay of islet HO activity

Islets were isolated with the aid of collagenase and used for gas
chromatographic measurements of the CO production essentially as
described by Henningsson et al. (9, 10). This procedure was performed
either directly after islet isolation, ex vivo, or after a 60-min incubation
of the islets at low (3.3 mmol/liter) and high (16.7 mmol/liter) glucose,
respectively. Approximately 300 islets were then collected in 200 �l
ice-cold 0.1 mmol/liter phosphate buffer (pH 7.4) and frozen immedi-
ately at �20 C. When assayed, the islets were sonicated on ice, and 30
�l methemalbumin, 100 �l �-reduced nicotinamide-adenine dinucle-
otide phosphate (4 mg dissolved in 1 ml 0.1 mmol/liter phosphate
buffer), and 2 mg hemoglobin were added with phosphate buffer up to
a final volume of 1 ml. Hemoglobin was included in the assay mixture
to trap the liberated CO. The methemalbumin solution (substrate) was
prepared by dissolving 25 mg hemin, 82.5 mg NaCl, and 12.1 mg Tris
base in 5 ml 0.1 mmol/liter NaOH, followed by the addition of 5 ml

albumin solution (20 g/liter) and 5 ml distilled water. No glucose was
included in the assay mixture, the assay time being only 6 min (9, 10).
The homogenate was thereby incubated in a water bath at 37 C while
protected from light. Aliquots (330 �l) were thus taken after 6 min of
incubation, which was terminated by placing the tubes on ice. Appro-
priate blanks were included. The samples were then injected into reac-
tion tubes containing ferricyanide-citric acid (100 �l). Nitrogen was used
as a carrier gas as well as to purge the reaction vessels for 4 min before
the samples were injected into them. After a reaction time of 4 min, the
liberated CO was brought to a nickel catalyst and allowed to react with
H2 to give methane, which was brought further to the detector. CO
(99.9%) was used as a standard. The amount of CO produced was
calculated from the area under the curve. Protein was measured in
samples from the original homogenate as described by Bradford (41).

Hormone secretion

Freshly isolated islets (9, 10) were preincubated for 30 min at 37 C in
Krebs-Ringer bicarbonate buffer (pH 7.4) supplemented with 10 mmol/
liter HEPES, 0.1% BSA, and 3.3 mmol/liter glucose. All islets isolated
from GK and Wistar controls were always carefully matched. Each
incubation vial contained 10 islets in 1.0 ml buffer solution and, unless
otherwise stated, was gassed with 95% O2/5% CO2 to obtain constant
pH and oxygenation. After preincubation, the buffer was changed to a
medium containing 3.3 or 16.7 mmol/liter glucose together with dif-
ferent test agents, and the islets were then incubated for 60 min. Aliquots
of the medium were then removed and frozen for subsequent assay of
insulin (9, 10, 42). For determination of insulin content, freshly isolated
islets were extracted with acid ethanol as previously described (37).
Hemin-HCl was dissolved in 0.1 mmol/liter NaOH, followed by titra-
tion with 0.1 mmol/liter HCl.

Effects of exogenously administered CO

One hundred milliliters of the incubation buffer was purged with
helium and saturated with CO. The control buffer was saturated with
helium. The solubility of CO is 2.3 ml/100 ml H2O (�1 mmol/liter).
Islets were then incubated in these media as described above, except that
the incubation vials were gassed with air instead of 95% O2/5% CO2.

Statistics

Statistical significance between sets of data were assessed using un-
paired Student’s t test with Welch correction when appropriate, or
where applicable, ANOVA followed by Tukey’s multiple comparisons
test. Results are expressed as means � sem.

Results
Basal characteristics of Wistar controls and GK rats

The basal plasma concentrations of glucose and insulin of
rats used in the present study are summarized as follows:
plasma glucose levels in Wistar rats, 7.4 mmol/liter � 0.4 vs.
GK rats 10.5 � 0.31 (P � 0.001); and plasma insulin levels in
Wistar rats, 139.5 pmol/liter � 22.4 vs. GK rats 111.3 � 15.1
(not significant), n � 11–12; i.e. the concentration of glucose
was significantly higher in GK rats than in Wistar controls,
whereas no difference in insulin levels was found. Islets
isolated from six Wistar and six GK rats showed no differ-
ence in insulin content; 6.06 � 0.54 nmol/mg islet protein
(Wistar) and 7.44 � 0.72 nmol/mg islet protein (GK). There
was no difference in protein content within islets isolated
from Wistar vs. GK rats (data not shown).

Immunocytochemistry

In the islets of Langerhans of both GK and Wistar control
rats, diffuse cytoplasmic HO-2 immunoreactivity surround-
ing dark unlabeled nuclei was observed in most endocrine
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cells. No overt difference in the number or distribution of
immunolabeled cells or in the intensity of immunofluores-
cence could be noted between GK and Wistar control rats
(Fig. 1).

HO-derived CO production and Western blots of HO-1 and
HO-2 in Wistar control and GK islets

Freshly isolated islets from GK rats displayed a prominent
impairment of CO production (�50% reduction) compared
with the Wistar controls (Fig. 2A). Western blots of HO-2 and
HO-1 expression (Fig. 2B) revealed a clear reduction of HO-2
expression in GK islets compared with controls (with den-
sitometric measurement, Wistar, 74.9 � 3.1 vs. GK 38.9 � 3.3
density U/mm2; P � 0.001, n � 4). Moreover, we found that
GK islets expressed the inducible HO-1, whereas no expres-
sion of HO-1 could be detected in Wistar control islets
(Fig. 2B).

HO-derived CO production and insulin release from Wistar
and GK islets incubated at low and high glucose

Isolated islets were incubated at low (3.3 mmol/liter) and
high (16.7 mmol/liter) glucose, and islet CO production and

insulin release were recorded. Figure 3A shows that there
was a comparatively low CO production at basal glucose (3.3
mmol/liter) in GK islets compared with control islets. The
increase in CO production in response to glucose was ap-
proximately 500 pmol/min�mg protein above basal levels for
Wistar islets but only 200 pmol/min�mg protein above basal
levels for GK rat islets. Similarly, the insulin response to
glucose was highly impaired in GK islets, whereas basal
insulin release at low glucose was of approximately the same
magnitude in both types of islets (Fig. 3B).

FIG. 1. HO-2 immunoreactivity in rat
islets. A, Wistar control rat. B, GK rat.
Diffuse cytoplasmic HO-2 immunoreac-
tivity surrounding dark unlabeled nu-
clei in most endocrine cells. No overt
difference in number or immunofluo-
rescence intensity of immunolabeled
cells in GK vs. Wistar islets. Bars, 100
�m.

FIG. 2. HO activity measured as CO production and Western blots of
HO-2 and HO-1 in freshly isolated islets from GK rats and Wistar
controls. CO production (A) in isolated islets from Wistar control
(white column, n � 6) and GK (black column, n � 6) rats. Results are
expressed as means � SEM; **, P � 0.01. B, Representative Western
blot is seen, showing protein expression of HO-1 and HO-2, in islets
from Wistar control and GK rats.

FIG. 3. HO activity measured as CO production and insulin secretion
after 60 min incubation of isolated islets at low and high glucose.
Effect of 3.3 and 16.7 mmol/liter glucose in Wistar control (white
columns, n � 4–5) and GK (black columns, n � 4–5) rats showing CO
production (A) and insulin secretion (B). Results are expressed as
means � SEM; **, P � 0.01; ***, P � 0.001.

Mosén et al. • CO and Insulin Release in Diabetic GK Rat Endocrinology, March 2005, 146(3):1553–1558 1555

 on July 6, 2005 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


Effect of hemin and CO gas on insulin release at low and
high glucose

To test whether the dysfunction of islet CO production
in the GK rat was associated with an impaired metabolism
of hemin by islet HO and whether defects in the down-
stream signaling of CO could be demonstrated, we incu-
bated islets from Wistar and GK rats in the presence of
hemin or CO gas at low and high glucose. Figure 4 shows
that at 16.7 mmol/liter glucose, the addition of hemin (100
�mol/liter) induced a similar amplification of the insulin
response to glucose in GK vs. Wistar islets. The hemin-
stimulated increase of the insulin response (�) was 4.6 �
1.2 ng/islet�h for Wistar islets vs. 3.1 � 0.5 ng for GK islets
(not significant). There was also a very slight stimulation
of insulin release from GK islets by hemin at low glucose
(Fig. 4). Addition of CO gas (100 �mol/liter) to the incu-
bation media brought about an amplification of the
glucose-stimulated insulin response from GK and Wistar
islets that was comparable to the hemin-induced response.
The CO-stimulated increase was 4.5 � 1.1 ng/islet�h for
Wistar islets vs. 3.2 � 0.4 ng for GK (not significant).
Hence, the potentiation of the glucose-stimulated insulin
response in the presence of either hemin or CO gas was of
similar magnitude in GK islets as in the Wistar control
islets (Fig. 4). No effect of hemin or CO on insulin release
was found at low glucose in the Wistar control islets.

Discussion

The present data show that among the different stimulus
secretion coupling abnormalities in glucose-stimulated in-
sulin release previously described in the mildly diabetic GK
rat (32–40) is now added a marked impairment of the CO-
signaling pathway. Our previous data have shown that glu-
cose is a strong stimulator of islet CO production and that CO
in turn stimulates insulin release (9, 10). Now, we find that
the well-known impairment of glucose-stimulated insulin
response from islets of the GK rat is associated with a marked
reduction of their CO production. Moreover, by comparison

with the control rats, the CO production of GK islets directly
isolated ex vivo was also significantly reduced. Visually, im-
munocytochemistry showed a similar fluorescence intensity
and an equal distribution and number of HO-2 immunola-
beled cells in GK vs. Wistar islets, thus revealing no abnormal
redistribution or localized deficiencies explaining the re-
duced CO production in GK islets. However, immunoblot-
ting showed that the decreased CO production was associ-
ated with a similarly reduced expression of HO-2 in the GK
islets. Because we used the same antibody for immunocy-
tochemistry and immunoblotting, these results illustrate that
caution should be exercised in regarding the immunocyto-
chemical data as quantitative. However, the immunocyto-
chemical picture is rewarding in showing the morphological
distribution of the HO-2 protein within the islets. Further-
more, we found that the GK islets also displayed a marked
expression of HO-1. HO-1 is known to be expressed in re-
sponse to noxious stimuli such as endotoxin, heavy metals,
and also oxidative stress (12, 29, 30). HO-1 activity is then
assumed to protect the cells through metabolizing heme to
bilirubin, which is known to have strong antioxidant prop-
erties (30). Because the GK rat suffers from chronic hyper-
glycemia, there is reason to believe that their �-cells respond
to this glucotoxicity with induction of HO-1. This would be
in accordance with recent studies showing expression of
HO-1 in freshly isolated islets from obese hyperglycemic
mice (ob/ob) and partially pancreatectomized, hyperglyce-
mic rats as well as in normal rat islets cultured for 18 h in high
glucose (31, 43, 44).

We have previously shown that pancreatic islets display
an unusually high production of HO-2-derived CO (9–12). In
fact, islet production of CO by far exceeds that usually ob-
served in other tissues rich in HO-2 (45, 46). Moreover, both
islet production of CO and glucose-stimulated insulin release
were dose-dependently suppressed by the HO inhibitor Zn-
protoporphyrin but unaffected by protoporphyrin, which
lacks inhibitory effects on HO activities (9, 10). Furthermore,
we have shown (9, 10) that in addition to glucose, the HO
substrate hemin also was a potent stimulator of islet CO
production and that adding hemin to isolated islets in con-
centrations of 1–100 �mol/liter was associated with a dose-
dependent increase in glucose-stimulated insulin release. Al-
though isolated islets apparently have a great capacity to
increase the glucose-stimulated CO production in the ab-
sence of added hemin (9–12), it should be recalled that both
hemin and Zn-protoporphyrin are normal plasma constitu-
ents (30), implying that physiological interactions with islet
HO are conceivable also by means of the circulation, espe-
cially because the pancreatic islets are extremely well vas-
cularized (47). Because the islet blood flow reportedly is
much higher in the GK rat than in Wistar controls (47), it is
less likely that the availability of circulating hemin should be
a limiting factor explaining the reduced CO production in the
GK islets. In this context, it should be recalled that young GK
rats, used in the present study, reportedly showed no dif-
ference in the relative volume of the total endocrine pancreas
and a preserved �-cell density compared with Wistar con-
trols (48). Notably, comparing the approximate HO activity
in isolated islets of different strains of rats, we have found
that islet CO production in the GK rat (�200 pmol/min�mg

FIG. 4. Insulin secretion from isolated islets at low (3.3 mmol/liter)
and high (16.7 mmol/liter) glucose. Effect of 100 �mol/liter hemin or
100 �mol/liter CO gas on insulin secretion from Wistar control and GK
islets. The islets were incubated in batches of 10 islets in each vial.
At 3.3 mmol/liter glucose, there were 10–14 batches of islets in each
group, and at 16.7 mmol/liter glucose, there were 11–20 batches of
islets in each group. Results are expressed as means � SEM; *, P �
0.05; **, P � 0.01; ***, P � 0.001.
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protein) (present study) was much lower than in Wistar rats
(�400–600 pmol/min�mg protein) (Ref. 9 and the present
study) and Sprague Dawley rats (�700 pmol/min�mg pro-
tein) (Salehi, A., H. Mosén, R. Henningsson, and I. Lund-
quist, unpublished data). In further comparison, it should be
emphasized that we have recently shown (31) that islets from
the hyperinsulinemic ob/ob mouse displayed a very high
CO production (�900 pmol/min�mg protein) that was as-
sociated with an impressive insulin response to glucose. In-
terestingly, this insulin response was profoundly suppressed
by the selective HO inhibitor Zn-protoporphyrin (31), again
indicating an important role of HO-derived CO in glucose-
stimulated insulin release.

Our previous in vitro data in mouse islets (10) showed that
islets incubated at high glucose produced more CO than
did islets incubated at low, basal glucose. Thus, a glucose-
induced stimulation of HO-2 activity apparently operates in
mouse pancreatic islets. Similar results were obtained here in
isolated rat islets. Notably, the glucose-stimulated CO gen-
eration was markedly reduced in the diabetic GK islets com-
pared with the healthy Wistar islets. In fact, in accordance
with the reduction of the glucose-stimulated insulin release,
the GK islets displayed a 3 times lower CO production in
comparison with Wistar islets when calculated per millimole
of glucose increase from 3.3 to 16.7 mmol/liter. Due to the
very low level of CO production at basal (3.3 mmol/liter)
glucose in GK islets the fold increase at 16.7 mmol/liter was
somewhat greater in these islets than in Wistar control islets.
It is not inconceivable that the very low basal CO production
in GK islets might reflect the inability of glucose to properly
maintain the HO-2 activity at this low concentration of the
sugar. The defective glucose stimulation of the HO-CO path-
way in GK islets was further underlined by the observation
that the CO generation in freshly ex vivo isolated islets was
50% reduced in the GK rat, and when calculated in relation
to the concentration of plasma glucose, the CO production in
GK islets was 3 times lower than in Wistar islets. However,
the plasma insulin levels were not decreased in relation to the
reduced CO production, showing that efficient compensa-
tory mechanisms are operating in the in vivo situation. Hence,
our accumulated data suggest, but do not give absolute
proof, that an impaired stimulation of HO-derived CO by
glucose might emerge as one of several possible defects of
glucose-induced stimulus secretion coupling in the diabetic
GK islets.

We have previously shown (10) that addition of gaseous
CO to incubated islets resulted in significant enhancement of
glucose-stimulated insulin secretion, an effect that could be
reduced by the guanylate cyclase inhibitor 1H-[1,2,4]oxadia-
zolo[4,3-a] quinoxalin-1-one (ODQ). It should be noted that
CO and hemin (9, 10) have negligible effects on insulin re-
lease at low glucose. Thus, these data suggested to us that the
HO-CO signaling pathway might have a regulatory role in
glucose-stimulated insulin release and acts, at least in part,
through perturbation of the guanylate cyclase-cyclic GMP
system (10). In the present study, we found that the impaired
glucose-stimulated insulin response from GK islets could be
amplified by the addition of either hemin or gaseous CO to
the incubation media. A similar potentiating effect was re-
corded in Wistar islets, and both hemin and CO almost

doubled the insulin responses to 16.7 mmol/liter glucose in
both Wistar and GK islets. There was no significant differ-
ence between the � insulin responses to hemin and CO in
Wistar vs. GK islets. Hence, these results suggest, but do not
definitely prove, that the working capacity of the HO en-
zymes and the transduction targets of the CO molecule in the
stimulus secretion coupling are unimpaired in GK islets vs.
Wistar islets. Instead, as pointed out above, our present data
speak in favor of a major defect in glucose stimulation of the
HO-CO pathway in the GK islets. Because there is a clear
reduction of the expression of HO-2 in GK islets as compared
with control islets, the decrease in glucose-induced CO pro-
duction might be explained by the inability of glucose to
stimulate the activity of HO-2 in the GK rat islets. Whether
the reduced expression of HO-2 and the associated impair-
ment of CO production in GK islets is a primary feature of
the defective insulin response to glucose in these rats is still
to be elucidated. However, it is notable that the reduced
HO-2 activity in the islets of the GK rats does not seem to be
a consequence of their in vivo hyperglycemia in a short time
perspective because it could not be restored after 90 min
incubation at low glucose. Moreover, we have very recently
found that the expression and activity of islet HO-2 in the
obese hyperglycemic mouse (ob/ob) is considerably in-
creased and probably associated with their elevated glucose
levels (31). Interestingly, the prominent expression of HO-1
in GK islets is apparently not sufficient to compensate for the
decrease in HO-2 activity. The reason for this is presently
unclear.

In conclusion, we show here for the first time that the
mildly diabetic GK rat displays an impressive impairment of
the islet HO-CO signaling pathway for glucose-stimulated
insulin release. This impairment was manifested as a marked
reduction of islet CO production associated with a reduced
HO-2 expression. Instead, a compensatory and/or gluco-
protective expression of islet HO-1 was observed in the GK
islets. Because the glucose-stimulated insulin release from
isolated GK and Wistar islets was equally amplified by ad-
dition of hemin or gaseous CO to the incubation media, there
was probably no impairment of the mechanisms of action of
CO in GK islets. Hence, our data suggest that an important
defect in the stimulus secretion coupling of glucose-induced
insulin release is to be found in a deficient transduction of
glucose signaling to stimulate the HO-CO pathway in these
islets.

Acknowledgments

The skillful technical assistance of Britt-Marie Nilsson is gratefully
acknowledged.

Received July 6, 2004. Accepted November 15, 2004.
Address all correspondence and requests for reprints to: Henrik

Mosén, M.D., Department of Pharmacology, Institute of Physiological
Sciences, University of Lund, BMC F13, S-221 84 Lund, Sweden. E-mail:
henrik.mosen@farm.lu.se.

This work was supported by the Swedish Research Council (Grants
14X-4286 and 19X-00034), by the Crafoord Foundation, by the Albert
Påhlsson Foundation, by the Swedish Diabetes Association, and by the
Magnus Bergvall Foundation.

Mosén et al. • CO and Insulin Release in Diabetic GK Rat Endocrinology, March 2005, 146(3):1553–1558 1557

 on July 6, 2005 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


References

1. Salehi A, Carlberg M, Henningson R, Lundquist I 1996 Islet constitutive nitric
oxide synthase: biochemical determination and regulatory function. Am J
Physiol 270:C1634–C1641

2. Tsuura Y, Ishida H, Shinomura T, Nishimura M, Seino Y 1998 Endogenous
nitric oxide inhibits glucose-induced insulin secretion by suppression of phos-
phofructokinase activity in pancreatic islets. Biochem Biophys Res Commun
252:34–38

3. Henningsson R, Lundquist I 1998 Arginine-induced insulin release is de-
creased and glucagon increased in parallel with islet NO production. Am J
Physiol 275:E500–E506

4. Akesson B, Henningsson R, Salehi A, Lundquist I 1999 Islet constitutive nitric
oxide synthase and glucose regulation of insulin release in mice. J Endocrinol
163:39–48

5. Salehi A, Ekelund M, Henningsson R, Lundquist I 2001 Total parenteral
nutrition modulates hormone release by stimulating expression and activity of
inducible nitric oxide synthase in rat pancreatic islets. Endocrine 16:97–104

6. Henningsson R, Salehi A, Lundquist I 2002 Role of nitric oxide synthase
isoforms in glucose-stimulated insulin release. Am J Physiol Cell Physiol
283:C296–C304

7. Smukler SR, Tang L, Wheeler MB, Salapatek AM 2002 Exogenous nitric oxide
and endogenous glucose-stimulated �-cell nitric oxide augment insulin re-
lease. Diabetes 51:3450–3460

8. Salehi A, Ekelund M, Lundquist I 2003 Total parenteral nutrition-stimulated
activity of inducible nitric oxide synthase in rat pancreatic islets is suppressed
by glucagon-like peptide-1. Horm Metab Res 35:48–54

9. Henningsson R, Alm P, Lundquist I 1997 Occurrence and putative hormone
regulatory function of a constitutive heme oxygenase in rat pancreatic islets.
Am J Physiol 273:C703–C709

10. Henningsson R, Alm P, Ekstrom P, Lundquist I 1999 Heme oxygenase and
carbon monoxide: regulatory roles in islet hormone release: a biochemical,
immunohistochemical, and confocal microscopic study. Diabetes 48:66–76

11. Henningsson R, Alm P, Lindstrom E, Lundquist I 2000 Chronic blockade of
NO synthase paradoxically increases islet NO production and modulates islet
hormone release. Am J Physiol Endocrinol Metab 279:E95–E107

12. Henningsson R, Alm P, Lundquist I 2001 Evaluation of islet heme oxygen-
ase-CO and nitric oxide synthase-NO pathways during acute endotoxemia.
Am J Physiol Cell Physiol 280:C1242–C1254

13. Panagiotidis G, Alm P, Lundquist I 1992 Inhibition of islet nitric oxide syn-
thase increases arginine-induced insulin release. Eur J Pharmacol 229:277–278

14. Panagiotidis G, Akesson B, Rydell EL, Lundquist I 1995 Influence of nitric
oxide synthase inhibition, nitric oxide and hydroperoxide on insulin release
induced by various secretagogues. Br J Pharmacol 114:289–296

15. Laychock SG, Modica ME, Cavanaugh CT 1991 l-arginine stimulates cyclic
guanosine 3	,5	-monophosphate formation in rat islets of Langerhans and
RINm5F insulinoma cells: evidence for l-arginine:nitric oxide synthase. En-
docrinology 129:3043–3052

16. Schmidt HH, Warner TD, Ishii K, Sheng H, Murad F 1992 Insulin secretion
from pancreatic B cells caused by l-arginine-derived nitrogen oxides. Science
255:721–723

17. Akesson B, Mosen H, Panagiotidis G, Lundquist I 1996 Interaction of the islet
nitric oxide system with l-arginine-induced secretion of insulin and glucagon
in mice. Br J Pharmacol 119:758–764

18. Gross R, Roye M, Manteghetti M, Hillaire-Buys D, Ribes G 1995 Alterations
of insulin response to different � cell secretagogues and pancreatic vascular
resistance induced by N-�-nitro-l-arginine methyl ester. Br J Pharmacol 116:
1965–1972

19. Gross R, Roye M, Manteghetti M, Broca C, Hillaire-Buys D, Masiello P,
Ribes G 1997 Mechanisms involved in the effect of nitric oxide synthase
inhibition on l-arginine-induced insulin secretion. Br J Pharmacol 120:495–501

20. Salehi A, Parandeh F, Lundquist I 1998 Signal transduction in islet hormone
release: interaction of nitric oxide with basal and nutrient-induced hormone
responses. Cell Signal 10:645–651

21. Spinas GA, Laffranchi R, Francoys I, David I, Richter C, Reinecke M 1998
The early phase of glucose-stimulated insulin secretion requires nitric oxide.
Diabetologia 41:292–299

22. Takamura T, Kato I, Kimura N, Nakazawa T, Yonekura H, Takasawa S,
Okamoto H 1998 Transgenic mice overexpressing type 2 nitric-oxide synthase
in pancreatic � cells develop insulin-dependent diabetes without insulitis.
J Biol Chem 273:2493–2496

23. Lajoix AD, Reggio H, Chardes T, Peraldi-Roux S, Tribillac F, Roye M, Dietz
S, Broca C, Manteghetti M, Ribes G, Wollheim CB, Gross R 2001 A neuronal
isoform of nitric oxide synthase expressed in pancreatic �-cells controls insulin
secretion. Diabetes 50:1311–1323

24. Alm P, Ekstrom P, Henningsson R, Lundquist I 1999 Morphological evidence

for the existence of nitric oxide and carbon monoxide pathways in the rat islets
of Langerhans: an immunocytochemical and confocal microscopical study.
Diabetologia 42:978–986

25. Welsh N, Sandler S 1992 Interleukin-1 � induces nitric oxide production and
inhibits the activity of aconitase without decreasing glucose oxidation rates in
isolated mouse pancreatic islets. Biochem Biophys Res Commun 182:333–340

26. Eizirik DL, Flodstrom M, Karlsen AE, Welsh N 1996 The harmony of the
spheres: inducible nitric oxide synthase and related genes in pancreatic � cells.
Diabetologia 39:875–890

27. Corbett JA, McDaniel ML 1992 Does nitric oxide mediate autoimmune de-
struction of �-cells? Possible therapeutic interventions in IDDM. Diabetes
41:897–903

28. Mandrup-Poulsen T 1996 The role of interleukin-1 in the pathogenesis of
IDDM. Diabetologia 39:1005–1029

29. Ye J, Laychock SG 1998 A protective role for heme oxygenase expression in
pancreatic islets exposed to interleukin-1�. Endocrinology 139:4155–4163

30. Marks GS 1994 Heme oxygenase: the physiological role of one of its metab-
olites, carbon monoxide and interactions with zinc protoporphyrin, cobalt
protoporphyrin and other metalloporphyrins. Cell Mol Biol 40:863–870

31. Lundquist I, Alm P, Salehi A, Henningsson R, Grapengiesser E, Hellman B
2003 Carbon monoxide stimulates insulin release and propagates Ca2� signals
between pancreatic �-cells. Am J Physiol Endocrinol Metab 285:E1055–E1063

32. Goto Y, Suzuki K, Ono T, Sasaki M, Toyota T 1988 Development of diabetes
in the non-obese NIDDM rat (GK rat). Adv Exp Med Biol 246:29–31

33. Ostenson CG, Khan A, Abdel-Halim SM, Guenifi A, Suzuki K, Goto Y,
Efendic S 1993 Abnormal insulin secretion and glucose metabolism in pan-
creatic islets from the spontaneously diabetic GK rat. Diabetologia 36:3–8

34. Giroix MH, Vesco L, Portha B 1993 Functional and metabolic perturbations
in isolated pancreatic islets from the GK rat, a genetic model of noninsulin-
dependent diabetes. Endocrinology 132:815–822

35. Tsuura Y, Ishida H, Okamoto Y, Kato S, Sakamoto K, Horie M, Ikeda H,
Okada Y, Seino Y 1993 Glucose sensitivity of ATP-sensitive K� channels is
impaired in �-cells of the GK rat. A new genetic model of NIDDM. Diabetes
42:1446–1453

36. Ling ZC, Efendic S, Wibom R, Abdel-Halim SM, Ostenson CG, Landau BR,
Khan A 1998 Glucose metabolism in Goto-Kakizaki rat islets. Endocrinology
139:2670–2675

37. Salehi A, Henningsson R, Mosen H, Ostenson CG, Efendic S, Lundquist I
1999 Dysfunction of the islet lysosomal system conveys impairment of glucose-
induced insulin release in the diabetic GK rat. Endocrinology 140:3045–3053

38. Ostenson CG, Sandberg-Nordqvist AC, Chen J, Hallbrink M, Rotin D,
Langel U, Efendic S 2002 Overexpression of protein-tyrosine phosphatase PTP
� is linked to impaired glucose-induced insulin secretion in hereditary diabetic
Goto-Kakizaki rats. Biochem Biophys Res Commun 291:945–950

39. Ostenson CG, Abdel-Halim SM, Rasschaert J, Malaisse-Lagae F, Meuris S,
Sener A, Efendic S, Malaisse WJ 1993 Deficient activity of FAD-linked glyc-
erophosphate dehydrogenase in islets of GK rats. Diabetologia 36:722–726

40. MacDonald MJ, Efendic S, Ostenson CG 1996 Normalization by insulin
treatment of low mitochondrial glycerol phosphate dehydrogenase and pyru-
vate carboxylase in pancreatic islets of the GK rat. Diabetes 45:886–890

41. Bradford MM 1976 A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72:248–254

42. Heding L 1996 A simplified insulin radioimmunoassay method. In: Donato L,
Milhaud G, Sirchis J, eds. Labelled proteins in tracer studies. Brussels: Eura-
tom; 345–350

43. Laybutt DR, Kaneto H, Hasenkamp W, Grey S, Jonas JC, Sgroi DC, Groff
A, Ferran C, Bonner-Weir S, Sharma A, Weir GC 2002 Increased expression
of antioxidant and antiapoptotic genes in islets that may contribute to �-cell
survival during chronic hyperglycemia. Diabetes 51:413–423

44. Jonas JC, Guiot Y, Rahier J, Henquin JC 2003 Haeme-oxygenase 1 expression
in rat pancreatic � cells is stimulated by supraphysiological glucose concen-
trations and by cyclic AMP. Diabetologia 46:1234–1244

45. Vreman HJ, Stevenson DK 1988 Heme oxygenase activity as measured by
carbon monoxide production. Anal Biochem 168:31–38

46. Ingi T, Cheng J, Ronnett GV 1996 Carbon monoxide: an endogenous mod-
ulator of the nitric oxide-cyclic GMP signaling system. Neuron 16:835–842

47. Svensson AM, Ostenson CG, Sandler S, Efendic S, Jansson L 1994 Inhibition
of nitric oxide synthase by NG-nitro-l-arginine causes a preferential decrease
in pancreatic islet blood flow in normal rats and spontaneously diabetic GK
rats. Endocrinology 135:849–853

48. Guenifi A, Abdel-Halim SM, Hoog A, Falkmer S, Ostenson CG 1995 Pre-
served �-cell density in the endocrine pancreas of young, spontaneously di-
abetic Goto-Kakizaki (GK) rats. Pancreas 10:148–153

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

1558 Endocrinology, March 2005, 146(3):1553–1558 Mosén et al. • CO and Insulin Release in Diabetic GK Rat

 on July 6, 2005 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org

