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ABSTRACT. Aminoguanidine (AG; ~0.5 mM) is a potent inhibitor of the inducible form of nitric oxide 

synthase (iNOS) and, at higher concentrations, is also able to prevent advanced glycosylation of proteins. Due 

to these properties, AG might be an interesting therapeutic compound for prevention of the development of 
diabetes and for prevention of diabetes complications. In the present study, we examined the effect of AG (0.1, 
0.5, 1.0, 5.0, or 10 mM) on prolonged in oitro culture of isolated rat pancreatic islets. Furthermore, the acute 

effect of AG on pancreatic and islet blood flow in anaesthetized rats was studied with a microsphere technique. 
Culture for 6 days of pancreatic islets at either 11.1 mM or 28 mM glucose, in the presence of 0.1-1.0 mM AG, 
was not toxic to the isiet celis or impaired ins&n secretion. However, when isiets were cultured for 8 days with 
the addition of 5 mM AG at 11.1 mM or 28 mM glucose, a 50% inhibition of glucose-stimulated insulin release 

was observed. Rats injected intravenously with AG (1, 10, or 50 mg/kg body weight) had a decreased pancreatic 
blood flow 30 min later. Glucose injection (1 g/kg body weight) increased the islet blood flow, and this effect 
was not attenuated by AG. The present data suggest that AG, when used in concentrations that inhibit iNOS, 
can affect pancreatic blood flow, but appears not to be directly harmful to p-cell function. BIOCHEM PHARMA- 

COL 51;12:1711-1717, 1996. 
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It has been proposed that NO? is involved in the mecha- 
nisms causing pancreatic P-cell damage during the devel- 
opment of IDDM [l, 21. One tentative strategy to prevent 
IDDM could, therefore, be to block the NO-generating 
enzyme NOS, which exists in a constitutive cNOS and in 
an inducible iNOS form [3,4]. Indeed, it has been reported 
that two NOS inhibitors (L-NG-monomethyl-arginine and 
L-NAME) prevented diabetes induced by low-dose injec- 
tions of streptozotocin in mice [5, 61. AG is a potent in- 
hibitor of the inducible form of NOS in particular [7-91. 
Moreover, it was recently reported that AG attenuated en- 
dotoxin-induced uveitis in rats [lo] and ameliorated experi- 
mental autoimmune encephalomyelitis in mice [I 11, 
thereby suggesting a role for iNOS in the development of 
autoimmune disease. In addition, it is well known that AG 
can diminish advanced glycosylation of proteins, which 
might be beneficial in preventing chronic diabetic compli- 
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cations [12, 131. However, when AG was administered to 
IDDM-prone nonobese diabetic mice [14] or BioBreeding 
rats [15], or in conjunction with low-dose streptozotocin 
injections in C57BL/Ks mice [ 161, it failed to decrease the 
incidence of IDDM. In the latter experimental model, the 
diabetic state was even aggravated by AG [16]. The reason 
for this effect is unknown, but it could be that AG itself 
influences p-cell function. Another possibility is that AG 
affects the pancreatic islet blood circulation, which could 
influence the infiltration of immune cells in the pancreatic 
islets in IDDM and/or the local islet concentrations of 
soluble inflammatory mediators contributing to P-cell de- 
struction. To study these issues further, we have examined 

the direct effect of prolonged exposure to AG on the func- 
tion of pancreatic islets in culture, and of AG administra- 
tion in viva on pancreatic and islet blood flow in rats. In 
some in vitro experiments, the effect of AG was examined at 
two different glucose concentrations (11.1 mM and 28 
mM) because previous data suggest that glucose can modify 
a possible stressful action on islet P-cells in vitro [IT-191. 

MATERIALS AND METHODS 
Chemicals 

Chemical purchased from Boehringet-Mannheim (Mann- 
heim, Germany) was collagenase prepared from Clostridium 
histolyticum. From HyClone (Cramlington, U.K.), culture 
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medium RPM1 1640 (11 .l mM glucose) and FCS from 
Miles (Slough, U.K.), BSA; from Amersham Interna- 
tional (Amersham, U.K.), L-[4.5-3H]leucine and D-[U- 
“C]glucose; from Sigma Chemicals (St. Louis, MO, 
U.S.A.), NG-nitro-L-arginine, HEPES, and antimycin A; 
from New England Nuclear (Boston, MA, U.S.A.), hy- 
amine hydroxide; from Novo Industries (Copenhagen, 
Denmark), a kit for immunoassay for insulin. 

Islet Isolation and Culture 

Noninbred, adult male Sprague-Dawley rats were used 
(Biomedical Center, Uppsala, Sweden). Pancreatic islets 
were isolated by a collagenase digestion procedure as de- 
scribed in detail elsewhere [20]. Groups of 150-200 islets 
were precultured freefloating for 6-7 days at 37°C in an 
atmosphere of humidified air + 5% CO, in 4.5 mL of me- 
dium RPM1 1640 supplemented with 0.5 mL FCS. Medium 
was changed every second day. Islets in groups of 65-150 
were then transferred to new culture dishes containing 4.5 
mL RPM1 1640 (11.1 or 28 mM glucose) + 0.5 mL FCS 
without or with addition of AG at concentrations of 0.1, 
0.5, 1 .O, 5.0, or 10 mM and cultured for 2, 6, or 8 days. 

Met Medium Insulin 
Concentration, Islet Qlucose-Stimulated Insulin 
Release, and Islet Contents of Insulin and DNA 

Samples of the culture media from cultured islets were col- 
lected every second day and kept frozen at -20°C prior to 
measurement of the medium insulin concentration by ra- 
dioimmunoassay [21]. After the culture period, triplicate 
groups of 10 islets were transferred to sealed glass vials 
containing 0.25 mL KRBH [22]. The islets were incubated 
at 37°C in a gas phase of 95% 0, + 5% CO, at 1.7 mM 
glucose for 1 hr. Then, the incubation medium was gently 
removed and replaced by KRBH supplemented with 16.7 
mM glucose, and the incubation continued for another hr. 
The incubation media were collected and frozen at -20°C 
before assay. After the incubations, the islets were har- 
vested and pooled in groups of 30 and homogenised in 0.2 
mL redistilled water. A fraction of the homogenate was 
mixed with acid ethanol, and insulin was extracted over- 
night at 4°C. The insulin concentration of the extract was 
measured by RIA [21]. Another fraction of the aqueous 
homogenate was used for DNA measurement [23]. 

Islet C$ucose Oxidation Rate 

Groups of 10 islets in triplicate were incubated in 100 FL 
KRBH without BSA supplemented with D-[U-‘4C]glucose 
and nonradioactive glucose, at a concentration of 16.7 mM, 
in glass vials at 37°C in an atmosphere of 95% 0, and 5% 
CO, [24]. After 90 min, the incubation was interrupted and 
0.05 mM antimycin A added. Liberated 14C0, was trapped 
in hyamine hydroxide and radioactivity measured by liquid 
scintillation. 

Blood Fbw Measurements 

This procedure has been described in detail elsewhere [25]. 
Briefly, male Sprague-Dawley rats (Biomedical Center, 
Uppsala, Sweden) weighing approximately 350 g were 
anesthetized with an intraperitoneal injection of pentobar- 
bital sodium (60 mg/kg body weight), heparinized, and 
placed on an operating table maintained at body tempera- 
ture (38°C). Polyethylene catheters were inserted into the 
ascending aorta, uia the right carotid artery, and into the 
femoral artery. The former catheter was connected to a 
pressure transducer (PDCR 75/l; Druck, Groby, U.K.) to 
allow continuous monitoring of the mean arterial blood 
pressure. When the blood pressure had remained stable for 
at least 15 min, an intravenous injection of saline alone or 
AG dissolved in saline (1, 10, or 50 mg/kg body weight) was 
given. Thirty minutes later, some of the animals were in- 
jected intravenously with D-glucose (1 g/kg body weight). 
Thirty minutes after the first injection, or 5 min after glu- 
cose administration, 1.5-2.0 x lo5 nonradioactive micro- 
spheres (NEN-Trac@; DuPont Pharmaceuticals, Wilming- 
ton, DE, U.S.A.), with a diameter of 11 km, were injected 
uia the catheter with its tip in the ascending aorta over a 
10sset period. Starting 5 set before the microsphere injec- 
tion and continuing for a total of 60 set, an arterial blood 
sample was collected by free flow from the catheter in the 
femoral artery at a rate of approximately 0.5 mL/min. The 
exact withdrawal rate was confirmed in each experiment by 
weighing the sample. The animals were then killed and the 
pancreas and adrenal glands removed, blotted, weighed, 
and treated with a freeze-thawing technique [26] that visu- 
alizes the pancreatic islets and the microspheres. The mi- 
crospheres in these organs, including the islets, were then 
counted. The number of microspheres in the arterial refer- 
ence sample was determined by transferring the blood to 
glass microfibre filters (pore size 0.2 km) and counting the 
microspheres in a microscope equipped with transmitted 
light. The blood flow values were calculated according to 
the formula Qorg = Qref x hJ,,,JNrep where Qorg is organ 
blood flow (mL/min), Qref the withdrawal rate of reference 
sample (mL/min), Norg is the number of microspheres pre- 
sent in the organ, and Nref is the number of microspheres in 
the reference sample. Blood flow values based on the mi- 
crosphere content of the adrenal glands were used to con- 
firm that the microspheres were adequately mixed in the 
circulation. A difference of ~10% in blood flow values be- 
tween the glands was taken to indicate sufficient mixing. 

Statistical Analysis 

In the in vitro experiments, where islets were incubated in 
triplicate (glucose-stimulated insulin release and glucose 
oxidation), a mean was calculated for each experimental 
group, and this was considered as one separate observation. 
Furthermore, every islet observation represented different 
rat islet donors. Values were expressed as means f SEM, 
and groups of data were compared using Student’s paired 
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t-test. When multiple comparisons were performed, the 
data were compared by ANOVA, including Fisher’s pro- 
tected least statistical difference (PLSD) test, using Stat- 
View@ (Abacus Concepts, Berkeley, CA, U.S.A.). 

RESULTS 

Culture of Islets for Two Days with ACj 

In the first series of experiments, pancreatic islets were 
exposed for 48 hr at 11.1 mM glucose to different concen- 
trations of AG. It was found that lower concentrations of 
AG (0.1-I mM) stimulated medium insulin accumulation, 
while 5 and 10 mM AG did not cause any changes in the 
medium insulin (Fig. 1). After culture, the glucose- 
stimulated insulin release of the islets was examined. The 
control islets increased their insulin secretion about 6-fold 
at 16.7 mM glucose, as compared to the secretion at 1.7 
mM glucose (Fig. 2). The islets cultured in the presence of 
the different concentrations of AG also responded similarly 
to glucose. Islet DNA and insulin contents were not af- 
fected by AG after the 48-hr culture (data not shown). 

Culture of Islets for 6 Days with AS 

In the next series of experiments, the effects of a more 
prolonged period of islet exposure to AG were studied. The 
islets were cultured with AG (0.1, 0.5, or 1 .O mM) for 6 
days and at 2 different glucose concentrations, 11.1 mM 
and 28 mM. These AG concentrations were selected based 
on previous reports suggesting that AG inhibits both iNOS, 
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FIG. 1. Medium insulin accumulation from rat pancreatic 
islets cultured for 2 days in medium RPM1 1640 + 10% fetal 
calf serum in the absence or presence of aminoguanidine 
(AG), as indicated. Bars are means * SEM for 12 experi- 
ments. * and ** denote P c 0.05 and P < 0.01 vs islets 
cultured in the absence of AG (Student’s paired t-test). 
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FIG. 2. Glucose-stimulated insulin release at 1.7 mM or 16.7 
mM glucose from rat pancreatic islets cultured for 48 hr in 
medium RPM1 1640 + 10% fetal calf serum in the absence 
or presence of aminoguanidme (AG), as indicated. Bars are 
means * SEM for 12 experiments. 

in the range of 5-10 p,M, and cNOS, at 0.5 mM and above 

18, 271. 
Islets cultured at 11.1 mM glucose with addition of AG 

showed a trend toward reduced DNA content, but the dif- 
ferences did not attain statistical significance (0.1 mM P = 
0.069; 0.5 mM P = 0.055; 1.0 mM P = 0.081) (Table 1). 
This trend was not equally apparent in islets cultured at 28 
mM glucose. AG did not affect insulin content, when ex- 
pressed on a per islet basis, as compared to corresponding 
control islets. However, when expressing insulin content 
per DNA, islets cultured at 11.1 mM glucose in the pres- 
ence of 0.1 mM AG had an increased insulin content. 
Medium insulin accumulation during the six-day culture 
was affected neither at 11.1 mM glucose (Fig. 3A) nor at 28 
mM glucose (Fig. 3B) by any of the concentrations of AG 
tested. Glucose-stimulated insulin release after the 6-day 
culture was essentially unchanged both in islets cultured at 
11 .l mM and at 28 mM glucose (Fig. 4). There was a slight 
decrease in basal insulin release in islets cultured at 11.1 
mM glucose with the addition of 1.0 mM AG. The islet 
glucose oxidation rate was decreased 15-25% by 0.1-1.0 
mM AG in islets cultured at 28 mM glucose, whereas no 
such effect was observed in islets cultured at 11.1 mM glu- 
cose (Table 2). 

Finally, we tested whether or not exposure of islets to an 
even higher concentration of AG (5 mM) for up to 8 days 
would influence P-cell function. Insulin secretion at 16.7 
mM glucose (ng insulin/l0 islets) was inhibited both in 
islets cultured at 11.1 mM glucose (Control: 96.4 ? 15.0 vs 
AG: 48.5 + 7.6; P < 0.01, ANOVA) and at 28 mM glucose 
(Control: 186 f 8.5 vs AG: 96.7 rt 11.9; P c 0.001, 
ANOVA). However, AG did not alter islet DNA content 
(data not shown), which suggests that the effect was not 
due to AG-induced toxicity and cell death. 

Blood Flow Measurements in Rats 

We also examined the effect of AG (1, 10, and 50 mg/kg 
body weight) in wioo on pancreatic and islet blood flow in 
rats (Table 3). AG (50 mg/kg body weight) administration 
has previously been shown to increase mean arterial blood 
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TABLE 1. Loneterm effects of aminoguanidine (AG) on DNA and insulin contents of rat pancreatic islets 

Glucose 

(mM) 

DNA content Insulin content Insulin/DNA 
(pg DNA/10 islets) (ng insulin/l 0 islets) (ng insulin/pg DNA) 

11.1 0 0.53 + 0.08 652 f 102 1364 + 276 
11.1 0.1 0.38 * 0.07 706 + 125 2070 ?r 377* 
11.1 0.5 0.35 + 0.04 512 f 57.7 1558 ? 268 
11.1 1.0 0.38 of: 0.08 601 + 82.3 1952 i 490 

28 
28 
28 
28 

0 0.47 + 0.08 490 f 109 1158 f 279 
0.1 0.40 + 0.06 405 f 68.7 1098 f 221 
0.5 0.47 YL 0.06 429 f 104 1140 f 338 
1.0 0.40 f 0.04 440 f 70.5 1161 f 246 

The islets had been cultured for 6 days in medium RPM1 1640 + 10% FCS at either 11.1 mM 0128 mM glucose in the presence of AC?, as indicated. Medium was changed every 

second day. Values are means ? SEM; n = 5. * denotes I’ < 0.05 compared to islets cultured in medium containing 11.1 mM gl ucose alone, usmg Student’s paired r-test. 

pressure by 10-S% in rats [7]. In the present study, mean blood flow. Islet blood flow was also decreased after admin- 
arterial blood pressure was increased about 10% throughout istration of 50 mg/kg body weight of AG, while no such 
the 30-35-min period after injection of 50 mg/kg body effect was observed after injection of lower doses. The frac- 
weight AG, but no significant effect was observed at lower tion of the whole pancreatic blood flow diverted through 
doses of AG compared to saline-injected rats (data not the islets (i.e. = 10%) remained unaffected by the 3 doses 
shown). All doses of AG caused a decline in pancreatic of AG. 
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FIG. 3. Medium insulin accumulation from rat pancreatic 
islets cultured for 6 days in medium RPM1 1640 + 10% fetal 
calf serum at either 11.1 mM glucose (A) or at 28 mM 
glucose (B), in the absence or presence of aminoguanidme 
(AG), as indicated. Bars are means * SEM for 5 experi- 
ments. 

We subsequently examined the effect of AG (50 mg/kg 
body weight) on glucose-induced increase in islet blood 
flow. Thus, glucose (1 g/kg body weight) was injected in- 
travenously 30 min after AG or saline injection and, 5 min 
later, the blood flows were measured. The animals injected 
with saline + glucose or AG + glucose were clearly hyper- 
glycemic (= 18-20 mM) at the time of microsphere injec- 
tion (data not shown). Glucose alone did not affect pan- 
creatic blood flow (Table 3). However, when glucose was 
injected after AG, it restored AG-induced reduction in 
pancreatic blood flow to the level found in rats treated with 
saline alone. Glucose caused an increase in islet blood flow, 
which was also manifest in animals pretreated with AG 
injection. 

DISCUSSION 

The present study shows that prolonged in vitro exposure 
(2-6 days) of rat pancreatic islets to AG at concentrations 
that inhibit iNOS (~0.5 mM) and cNOS (20.5 mM) [8, 
271 was not toxic to the islet cells. Moreover, the data 
suggest that insulin production was not affected. Because 
previous data suggest that glucose may modify a putative 
stressful action on islet P-cells in oitro [17-191, and because 
the role of NO in regulation of islet p-cell insulin secretion 
has been debated [28-311, we performed experiments on 
islets cultured both at 11.1 mM glucose and 28 mM glucose 
in the presence or absence of AG. However, AG was not 
tested at lower glucose concentrations because it is well 
established that culture in medium RPM1 1640 at lower 
glucose concentrations (e.g. 5.6 mM) impairs rodent P-cell 
function [17,32]. Basal NO production in cultured rat islets 
in the absence of exogenously added cytokines is very low 
[33,34], and it is, therefore, likely that any changes in islet 
NO production induced by AG addition in the present 
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FIG. 4. Glucose-stimulated insulin release at 1.7 mM or 16.7 
mM glucose from rat pancreatic islets cultured for 6 days in 
medium RPM1 1640 + 10% fetal calf serum at either 11 .l 
mM glucose (A) or at 28 mM glucose (B), in the absence or 
presence of aminoguanidme (AG), as indicated. Bars are 
means * SEM for 5 experiments. * denotes P < 0.05 vs islets 
cultured in the absence of AG (Student’s paired tetest). 

study must have been very small. In line with this, we did 
not observe a modifying action of 28 mM glucose on the 
effect of AG addition. This may lend support to the notion 
that NO formation is not a prominent component in glu- 
cose-regulated insulin secretion from p-cells. On the other 
hand, when the islets were exposed to 5 mM AG for 8 days, 
islet glucose-stimulated insulin secretion was impaired. 
This is in agreement with a previous investigation, where 
the response to 16.7 mM glucose was reduced by >50% in 
rat islets cultured for 48 hr with addition of either 4.55 mM 
or 9.1 mM AG [35]. It is unlikely that this inhibitory action 
caused by a high concentration of AG may be attributed to 
NOS inhibition. It has, instead, been suggested that AG 
may cause a lowering of intracellular pH [36], and such an 
effect is likely to decrease islet insulin release [37, 381. 

NO is probably the most important endothelial-derived 
relaxing factor present in the body, and its presence is nec- 

TABLE 2. Effects of aminoguaniclme (AG) on the glucose 
oxidation rate of rat pancreatic islets maintained in culture 
at either 11 .l mM or 28 mM glucose 

AG 
Glucose oxidation rate (pmol/lO islets x 90 min) 

(mM) 11.1 mM glucose 28 mM glucose 

0 648 + 97.8 734 k 62.2 
0.1 612 f 56.2 610 k 55.3* 
0.5 479 * 54.8 549 * 39.5-f 
1 657 f 42.6 585 * 40.4.t 

Values are means t SEM; n = 5. * denotes P < 0.01 compared to corresponding islets 

not exposed to AG. paired r-test. t denotes P < 0.05 compared to corresponding islets 

not exposed to AG, paired r-test. 

essary to maintain a normal tissue blood flow [39]. When 
AG was administered at a low dose, pancreatic blood flow 
declined, whereas islet blood flow remained unchanged. 
This is likely to reflect local regulatory mechanisms acting 
to maintain a sufficient islet blood flow in a situation of 
decrease in the pancreatic blood perfusion, here induced by 
an incomplete inhibition of NOS. A similar maintenance 
of islet blood flow has also been seen in other contexts with 
a decreased whole pancreatic blood perfusion [40, 411. The 
administration of the NOS inhibitor AG at a higher dose 
caused a pronounced decrease of both whole pancreatic and 
islet blood flow, probably reflecting a more complete inhi- 
bition of the enzyme. Previous experiments with another 
NOS inhibitor, NG-nitro-L-arginine, demonstrated a 
marked decrease in pancreatic blood flow, but an even more 
pronounced decline in islet blood perfusion [42]. This led to 
a decrease in fractional islet blood flow from 10 to 5% [42]. 
In the present study, however, no change in fractional islet 
blood flow could be observed. The reason for this discrep- 
ancy probably reflects the differences in sensitivity of iNOS 
and cNOS to the inhibitors used. AG is considered to 
selectively inhibit the inducible forms of NOS [7-91, 
whereas NG-nitro+arginine affects both cNOS and iNOS 

TABLE 3. Effects of saline, aminoguanidine (AG), or glu- 
cose ( 1 g/kg body weight) on pancreatic blood flow (PBF) 
and islet blood flow (IBF) in rats 

Treatment 

PBF IBF 

(pL/min x g pancreas) 
IBF/I’BF 

(%) 

Saline 467 + 35 37.6 + 4.0 8.2 * 0.7 
1 mg/kg BW AG 380 f 25* 36.8 f 1.8 9.9 + 0.8 
10 mg/kg BW AG 368 f 27* 35.8 * 3.7 9.8 f 0.7 
50 mg/kg BW AG 223 f 28t 22.3 f 3.6t 10.4 f 1.7 
Glucose 470 * 30 62.7 + 4.6t 13.5 + O.@ 
Glucose + 50 mg/kg 

BW AG 491 k 609[ 74.2 k 6.lt.” 15.5 + 1.4t,¶ 

Values are means k SEM; n = 6-7. * denotes P < 0.05 compared to saline injected 
rats, ANOVA. t denotes P < 0.001 compared to salrne injected rats, ANOVA. 

5 denotes P < 0.01 compared to saline injected rats, ANOVA. ‘1 denotes P < 0.001 

compared to AG (50 m&g BW) injected rats, ANOVA. ¶ denotes P < 0.01 com- 
pared to AG (50 m&g BW) injected rats, ANOVA. 
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[9]. It has recently been demonstrated that both forms of 
the enzyme are present in rodent islets [43]. The present 
and previous findings are, therefore, compatible with the 
view that NO formed from both iNOS and cNOS can 
affect pancreatic and islet blood flow. 

5. 

6. 

Glucose induced an increase in islet blood flow in the 
control rats, as described previously [25, 441. This increase 
was unaffected by pretreatment with AG, but was previ- 
ously shown to be abolished by inhibition of cNOS [42]. It 
can be assumed that a prerequisite for the high basal islet 
blood perfusion, 10 times higher than that of the exocrine 
pancreas [25], is that a basal production of NO occurs 
within the islet vasculature. This is likely to take place by 
the action of cNOS but, under certain conditions, a con- 
tribution of NO generation from iNOS activity might oc- 
cur. If one or both of these enzymes are inhibited, a de- 
creased blood perfusion would occur, because vasoconstric- 
tors are allowed a more unantagonized action on islet 
vasculature. When glucose is administered, an increased 
vagal neural input to the islets occurs, which also mediates 
the islet blood flow increase [42]. It seems as if vagal stimu- 
lation of islet blood perfusion can take place, even though 
only NO formed from cNOS is present within the islets. It 
is, therefore, possible that NO produced by cNOS is needed 
to maintain high islet blood flow, whereas NO formed by 
iNOS can modulate islet blood flow. In the latter case, it is 
likely that NO exerts its major physiological effects on islets 
by other means than by acting on islet blood perfusion. 

7. 

8. 

9. 

10. 

11. 

12. 

In conclusion, the present in vitro data suggest that pro- 
longed exposure to AG at concentrations known to inhibit 
iNOS was not harmful to p-cells. However, at high con- 
centrations of AG, which might be required to prevent 
nonenymatic glycation of proteins related to diabetes com- 
plications, p-cell function might be inhibited. In this con- 
text, it is of interest that a high concentration of AG (5 
mM) also inhibited insulin output from human pancreatic 
islets in vitro [45]. In duo, the compound decreased the 
pancreatic blood perfusion of rats, an effect which, if sus- 
tained, might have consequences for both the exocrine and 
endocrine function of the gland. 
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