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Summary In the GK (Goto-Kakizaki) rat, a genetic 
model of non-insulin-dependent diabetes mellitus, 
glucose-induced insulin secretion is selectively im- 
paired. In addition, it has been suggested by previous 
studies that impaired glucose metabolism in beta cells 
of the GK rat results in insufficient closure of ATP- 
sensitive K + channels (KATP channels) and a conse- 
quent decrease in depolarization, leading to a de- 
creased insulin release. We have recently reported 
that the site of disturbed glucose metabolism is prob- 
ably located in the early stages of glycolysis or in the 
glycerol phosphate shuttle. In the present study, in or- 
der to identify the impaired metabolic step in diabetic 
beta cells, we have investigated insulin secretory ca- 
pacity by stimulation with dihydroxyacetone 
(DHA), which is known to be directly converted to 

DHA-phosphate and to preferentially enter the gly- 
cerol phosphate shuttle. In addition, using the patch- 
clamp technique, we also have studied the sensitivity 
of DHA on the KAT P channels of beta cells in GK 
rats. The insulin secretion in response to 5 mmol/1 
DHA with 2.8 mmol/1 glucose was impaired, and 
DHA sensitivity of the KAT P channels was reduced 
in beta cells of GK rats. From these results, we sug- 
gest that the intracellular site responsible for im- 
paired glucose metabolism in pancreatic beta cells of 
GK rats is located in the glycerol phosphate shuttle. 
[Diabetologia (1994) 37: 1082-1087] 
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It is well known that glucose-induced insulin secre- 
tion from pancreatic beta cells is selectively impaired 
in patients with non-insulin-dependent diabetes mel- 
litus (NIDDM) [1] and in animal models of NIDDM 
such as the GK (Goto-Kakizaki) rat [2]. We have re- 
cently reported that in GK rats one of the mechan- 
isms of this abnormality is insufficient closure of 
ATP-sensitive K + channels (KAT p channels), which is 
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attributable to impaired intracellular glucose meta- 
bolism. Moreover, evidence has suggested that the 
disturbance is located in the steps of glycolysis be- 
tween glucose 6-phosphate and glyceraldehyde 3- 
phosphate or in the glycerol phosphate shuttle [3]. 
This shuttle is thought to be a direct link in the meta- 
bolic pathway between glycolysis and mitochondrial 
oxidation, and has been reported to be most active 
in pancreatic beta cells among mammalian tissues 
[4, 5], and the augmentation of intracellular glucose 
metabolism is modulated mainly by its activity [6]. 
Accordingly, the decreased glucose metabolism in 
beta cells in NIDDM is probably caused by function- 
al defects in this shuttle. Dihydroxyacetone (DHA)- 
phosphate, an intermediate substrate in the glycoly- 
tic pathway, is known to preferentially enter the gly- 
cerol phosphate shuttle [7]. Thus, in order to ascer- 
tain the possibility of impaired function of the shut- 
tle in the beta cells in NIDDM, we investigated the 
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effect  of  D H A  on insulin secre t ion  and KATp-channel 
activity in G K  rats. 

Materials and methods 

Male GK rats and control Wistar rats at 7 weeks of age were 
supplied by Pharmaceutical Research Laboratories-II (Take- 
da Chemical Industry, Co. Ltd., Osaka, Japan). The animals 
were fed on standard laboratory chow ad libitum until the 
study. Both GK rats (serum glucose: 18.1 + 0.5 mmol/1, n = 22) 
and controls (serum glucose: 8.7 + 0.4 mmol/1, n = 19) were be- 
tween 8 and 12 weeks of age when they were used. 

Preparation of islet cells. Pancreatic islets were isolated by col- 
lagenase digestion. The islets were dispersed by a previously 
described method [8] and cultured on small glass coverslips 
overnight using RPMI-1640 medium containing 11.1 retool/1 
glucose supplemented with fetal calf serum (10 %), penicillin 
(100 bt/ml), and streptomycin (0.1 mg/ml). In the patch-clamp 
studies, each coverslip was transferred to the test chamber 
placed on an inverted microscope. 

Measurement of insulin secretory capacity. Insulin secretory ca- 
pacity was assessed by the batch incubation method as pre- 
viously reported [3] with freshly isolated islets from GK and 
control rats. The islets were pre-incubated with Krebs-Ringer- 
bicarbonate buffer (KRBB) medium containing 5.5 retool/1 
glucose and 0.2 % bovine serum albumin (BSA) at 37~ for 
30 min because it has previously been reported [2] that re- 
sponse to glucose in islets of GK rats was recovered after 
50 rain under conditions with no glucose. Batches of about 
10 islets were then incubated with KRBB medium supplemen- 
ted with test materials and 0.2 % BSA at 37 ~ for 30 rain. The 
test materials (DHA, glyceraldehyde, and ketoisocaproate; 
were all purchased from Nacalai Tesque, Kyoto, Japan) were 
dissolved immediately before incubation. Glibenclamide 
(Hoechst, Frankfurt, Germany) was prepared as 1retool/1 
stock solutions in dimethylsulphoxide (DMSO), and was dis- 
solved just before the experiments. An aliquot was taken 
from the solution of each batch for later measurement of insu- 
lin by radioimmunoassay. 

ElectrophysiologicaI measurements. Single-channel recording 
in cell-attached configuration was made as described previous- 
ly [8]. The bathing solution was composed of (in retool/l) 
135 NaC1, 5 KC1, 2 CaC12, 2 MgSO4, and 5 HEPES (pH 7.4 
with NaOH), with a pipette solution containing 140KC1, 
2 CaC12, and 5 HEPES. Dispersed cells of more than 10-~um 
diameter were used in the experiments because non-beta cells 
are reported to be of smaller size in rats [9]. The experiments 
were done using at least three different preparations to ascer- 
tain reproducibility. 

Data currents were recorded through a patch-clamp ampli- 
fier (EPC-7, List Electronic, Darmstadt, Germany) and stored 
on videotape via a pulse code modulation converting system 
(PCM501, Sony, Tokyo, Japan) for later analysis by computer 
(PC-98XL, NEC, Tokyo, Japan). Data on the effect of DHA 
were recorded continuously for 180 s at a sampling frequency 
of 0.5 kHz through a Bessel type filter (1 kHz). The analysis 
in the assessment of concentration-response relationship was 
performed using the records between 120 s and 180 s. The 
time course for inhibition of KArp-channel activity by 5 mmol/ 
1 DHA was assessed from the data recorded for 180.s by 
means of a previously reported method [3]. The channel activ- 
ity [I] was expressed as the mean patch current (N x Pox i), 
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where N, Po, and i represent the number of channels in the 
patch membrane, the open probability, and the unit amplitude 
of single channel current, respectively. The mean patch cur- 
rent was calculated as the average difference between base- 
line current (no open current) and open channel currents. The 
channel activity in the control solution was expressed as It, 
and I/I c was determined as the relative channel activity. The ex- 
periments were performed at room temperature (22-25 ~ 

Statistical analysis 

Results were expressed as mean _+ SEM (number of observa- 
tions). Statistical significance was evaluated by unpaired Stu- 
dent's t-test or by chi-squared test andp less than 0.05 was con- 
sidered significant. 

Results 

Comparison of  the effect o f  DHA and glyceraldehyde 
on KAr P channels and insulin secretion. As shown in 
Figure 1 A, 1 retool/1 D H A  had no inhibi tory effect  
on  KATp-channel activity of  pancrea t ic  be ta  cells, but  
2 retool/1 D H A  had a small and 5 mmol/1 had a con- 
siderable inhibi tory effect,  in a revers ible  manner .  
Figure 1 B shows the dose -dependency  of  the inhibi- 
to ry  effects of D H A ,  but  even  10 retool/1 D H A  did 
not  abolish KATp-channel activity completely.  Com-  
pa red  with the effects of g lycera ldehyde  which we 
have previously  r ep o r t ed  [3], the effects of D H A  are 
significantly smaller  at the concent ra t ions  of 1, 2, 
and 5 retool/1 (p < 0.05). On  the o the r  hand,  5 or 
10 retool/1 D H A  in the absence  of glucose did not  en- 
hance  insulin secret ion,  but  g lycera ldehyde  a lone in- 
i t iated insulin secre t ion at the concen t ra t ion  of  
5 retool/1 (p < 0.01), with a lmost  comple t e  suppres-  
sion of KATp-channel activity, and 10 retool/1 glyceral- 
dehyde  fu r the r  po ten t i a t ed  insulin secre t ion 
(p < 0.01, Fig. 1 C). 

Insulin secretory capacity by glyceraldehyde and 
DHA in GK rats and controls. Figure 2 A shows the 
insulin secre tory  capaci ty  of  g lycera ldehyde  in the ab- 
sence of  glucose. G lyce ra ldehyde  (5 retool/l)  ini t iated 
insulin secre t ion to the same ex ten t  in cont ro l  rats 
(170+  14%,  n = 13) and in G K  rats (173_+25%, 
n = 11). Insulin secre t ion in response  to 10 retool/1 
g lycera ldehyde  was fu r the r  po ten t i a t ed  to 
497 + 17 % in cont ro l  [n = 5] and to 440 + 56 % in 
G K  rats [n = 5], wi thout  significant difference.  The  
addi t ion of 1 ~mol/1 gl ibenclamide to 5 retool/1 gly- 
ce ra ldehyde  elici ted m a r k e d  insulin re lease  in bo th  
groups (549 _+ 38 % in contro l  [n = 5] and 515 _+ 3 1 %  
in G K  rats [n = 5]). 

In cont ro l  rats, 2 retool/1 D H A  did not  init iate in- 
sulin secre t ion in the p resence  of 2.8 retool/1 glucose 
(data  not  shown),  but  5 retool/1 D H A  unde r  the 
same condi t ions dramat ica l ly  en h an ced  insulin secre- 
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Fig.1. (A-C) Effect of DHA 
on sensitivity of Kazp-chan- 
neI activity in normal single 
beta cells and insulin secre- 
tion in normal islets. 
A: Representative trace 
shows the inhibitory effect of 
KAT P channels when increas- 
ing concentrations of DHA 
were added. Data recorded at 
0 mV of pipette potential in 
cell-attached configuration. 
B: Dose-dependency of inhi- 
bitory effect of DHA on 
KAxp-channel activity (- �9 -). 
Number of observation is 5-6 
for each point. Effect of gly- 
ceraldehyde on KAT P channels 
described in our previous re- 
port (-- -O-- -) [3]. * p < 0.05. 
C: Insulin secretory capacity 
expressed as the percentage 
of basal secretion in response 
to DHA [ ]  or glyceralde- 
hyde []. The control insulin 
secretion by 2 mmol/1 DHA 
and 2 retool/1 glyceraldehyde 
was 546 _+ 34 pg. islet < 
30 min -1 (n = 10) and 476 _+ 41 
pg. islet -1 �9 30 min -1 (n = 12), 
respectively. * p < 0.001 

tion (197 + 21% vs under 2.8 mmol/1 glucose alone, 
p <0.001; n = 13). On the other hand, 10mmol/1 
D H A  failed to enhance it further (180+17% 
[n = 13], Fig.2B). In GK rats, 5 or 10 mmol/1 D H A  
elicited no significant insulin secretion even in the 
presence of 2.8mmol/1 glucose ( 1 0 6 + 9 %  at 
5 mmol/1 [n = 14], 105 + 6 % at 10 mmol/1 [n = 14]), 
but i pmol glibenclamide in the presence of 5 mmol/1 
D H A  and 2.8 mmol/1 glucose enhanced it to the 
same extent as in controls (215+24% in GK 
[n = 13] and 261 + 27 % in control [n = 13] vs in the 
presence of 2.8 mmol/1 glucose alone; Fig. 2 B). Insu- 
lin secretion elicited by 5 mmol/l ketoisocaproate at 
2 mmol/1 glyceraldehyde in both groups was not sig- 
nificantly different (286 + 32 % in control [n = 9] and 
317 + 32 % in GK rats [n = 10]). 

Effect o f  D H A  on KAr P channels in G K  and control 
rats. Figure 3 A shows examples of the time course of 
inhibition of KArp-channel activity by 5 mmol/1 
D H A  without glucose in both groups. In the control 
groups, inhibition of the channel activity became pre- 
dominant after 60 s and only a few channel events 
were observed after 120 s. On the other hand, the 
clear inhibitory effect was not recognized until 180 s 
in GK rats. As shown in Figure 3 B, the inhibitory ef- 
fect of 5 mmol/1 D H A  on KATp-channel activity was 
smaller throughout the courses in the GK groups. In 
particular, the difference was significant after 80 s 
(p<0.05)  and I/I c values after 180s remained 
0.56 + 0.14 [n = 19] in GK rats against 0.20+0.07 

[n = 17] in controls (p < 0.05). Tested cells of both 
groups showed a temporary activation of channel ac- 
tivity to the same extent at an early phase (35 % [6 
of 17] in control and 53 % [10 of 19] in GK rats, not 
significant by chi-squared test). 

Discussion 

GK rats have been recognized as a hereditary 
NIDDM rat model with characteristics of selective 
impaired glucose-induced insulin secretion [2, 3, 10]. 
Giroix and collaborators [11] have recently reported 
that insulin release in response to secretagogues 
other than glucose was also impaired in 17-week-old 
GK rats. However, the discrepancy might arise from 
the difference in the age of the rats, since islets of 
GK rats at 16 weeks of age are reported to suffer 
from histological damage [12], and it is possible that 
GK rats of an advanced age have highly impaired 
beta-cell function with a poor insulin response to any 
secretagogue. On the other hand, several reports, in- 
cluding our study, have indicated that islets of youn- 
ger GK rats keep a selectivity for glucose stimulation 
in the impairment of insulin secretion [2, 3]. 

We demonstrate here that insulin secretion by sti- 
mulation of D H A  alone is within the range of basal se- 
cretion. Although several previous studies [13-15] 
have demonstrated that D H A  as well as glyceralde- 
hyde is an initiator for insulin secretion in rat islets, 
the ability of D H A  to initiate insulin secretion was 
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Fig. 2. (A, B) Insulin secretion by stimulation with glyceralde- 
hyde or DHA in control (El) and GK (k~zq) groups. The results 
are expressed as the percentage of those elicited by 2 retool/1 
glyceraldehyde (A) or 2.8 mmol/1 glucose (B). Glibenclamide 
was used in order to examine insulin secretory capacity from 
islets of both groups in state of complete closure of KATp chan- 
nels. A: The dose-dependent effect of glyceraldehyde on insu- 
lin release in both groups. The control values stimulated with 
2 mmol/1 glyceraldehyde were 476 + 41 pg �9 islet -1 �9 30 min -~ in 
control [n = 11] and 437 + 26 pg. islet -1 . 30 min -! in GK rats 
[n = 12], were not significantly different. B" Dose-dependent 
effect of DHA on insulin secretion in both groups. The control 
insulin secretion in response to 2.8 mmol/1 glucose was not sig- 
nificantly different between the two groups, whose values were 
878 + 51 pg. islet -t �9 30 min -1 (n = 13) and 846 _+ 77 pg. islet -1 
�9 30min  -1 (n=  14) in control and GK rats, respectively. 
p < 0.001 

considerably less than that of 1-4 mmol/1 glyceralde- 
hyde or 5.5 mmol/l glucose. Accordingly, our results 
are not necessarily inconsistent with previous findings. 

The inhibition of the KATp-channel has been 
widely accepted as a key step in the initiation of in- 
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sulin secretion induced by fuel substrates such as 
glucose, glyceraldehyde and ketoisocaproate [3, 16], 
but the almost complete suppression of its activity is 
thought to be necessary for the initiation. In the 
present study, DHA was found to elicit insulin secre- 
tion in the presence of 2.8 mmol/1 glucose from 
pancreatic islets of control rats. However, DHA 
alone failed to  initiate insulin release, and its inhibi- 
tory effect on the channel activity was apparently 
less than that of glyceraldehyde, a known initiator of 
insulin secretion. Even at 10 mmol/1, KATp-channel 
activity remained at about 10 % of the control state. 
In our preliminary studies, pyruvate also incomplete- 
ly inhibited the channel activity even at 40 mmol/1 
with an I/I c value of about 0.1 (unpublished obser- 
vation by Y.Tsuura and H.Ishida), a concentration 
which has been reported to have no effect on insulin 
secretion [17]. These findings seem to be consistent 
with the "spare channel hypothesis" of Cook et al. 
[18]. 

The possible explanation for the difference in inhi- 
bitory potency on KATe-channels between DHA and 
glyceraldehyde may be based on their distinct phos- 
phorylation pathways. DHA has been reported to be 
phosphorylated exclusively by triokinase with a very 
low K m value, while glyceraldehyde has been known 
to also be phosphorylated by glyceraldehyde 3-phos- 
phate dehydrogenase with high K m value (4.8 mmol/1) 
[19]. Accordingly, 5 mmol/1 glyceraldehyde is 
thought to suppress KaTe-channel activity through 
ATP production by preferentially entering the distal 
portion of glycolysis via glyceraldehyde 3-phosphate 
dehydrogenase, and also the mitochondrial oxida- 
tion system. On the other hand, ATP from DHA 
could be produced through the glycerol phosphate 
shuttle as well as glycolysis. 

The inhibitory effect of DHA on KATe-channel ac- 
tivity was found to be lower in beta cells of GK rats 
compared to controls. Since the properties of the 
KATe-channel in GK rats have been shown not to be 
altered [3], the reduced sensitivity of DHA on the 
KaTe-channel activity could be due to impaired utili- 
zation of DHA for intracellular ATP production. 
The conversion of DHA to DHA-phosphate by trio- 
kinase might thus be reduced in GK rats, but this hy- 
pothesis does not seem probable because triokinase 
activity has been reported to be abundantly present 
in islets [19], and this step could not become rate-lim- 
iting. In addition, the KATe-channel activity was 
found to be temporarily activated in the early phase 
after DHA loading in beta cells of both groups to 
the same extent. This transient activation is perhaps 
attributable to ATP consumption through the phos- 
phorylation steps by triokinase, similar to the case of 
glucose which is known to convert to fructose-l,6- 
bisphosphate through two phosphorylation steps 
[20, 21]. The defective phosphorylation of DHA is, 
therefore, unlikely to be responsible for the im- 
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Fig.& (A, B) Inhibitory effect of 5 mmol/1 
DHA on KaTp-channel activity in control 
and GK rats. A" Representative traces 
show the time course of inhibition by DHA 
in control (upper panel) and GK rats (lower 
panel). The traces were recorded at 0 mV of 
pipette potential in cell-attached configura- 
tion. B: Time course of inhibition of Ka7 P- 
channel activity by 5 mmol/1 DHA in con- 
trol (o, n = 17) and GK rats ( e ,  n = 19). 
The Io values were 3.77 +_ 0.79 pA in control 
(n = 17) and 3.59 +_ 0.65 pA in GK rats 
(n = 19). *p < 0.05; **p < 0.02 

paired inhibit ion of KATe-channel activity by D H A  in 
diabetic beta  cells. 

Since the insulin secretion induced by glyceralde- 
hyde was not  impaired in G K  rats and its inhibi tory 
effect on KATe-channel activity has been found to be 
identical  in the two groups in our  recent  s tudy [3], 
the distal steps after  glyceraldehyde 3-phosphate in 
glycolysis including glyceraldehyde 3-phosphate de- 
hydrogenase  activity should be funct ional ly intact. 
Therefore,  the most  likely candidate  responsible for 
decreased glucose metabol ism is thought  to be a mal- 
function of the glycerol phosphate  shuttle where 
D H A - p h o s p h a t e  enters. FAD-l inked  glycerophos- 
phate  dehydrogenase  is known to be the key  enzyme 
of this shuttle [7], and its activity has been repor ted  
to be reduced in islets in N I D D M  rat models  includ- 
ing G K  rats [22-24], consistent with our observa- 
tions. However ,  our  results could not  completely 
rule out  the possibility that  triose phosphate  isomer- 
ase is also dis turbed in beta  cells of G K  rats. Fur the r  
investigations are needed  to clarify this issue. 

In conclusion, D H A  can inhibit  KATp-channel ac- 
tivity and enhance insulin secretion in the presence 
of glucose. In G K  rats, however,  the sensitivity of 
D H A  on the KaTe-channels was reduced,  presum- 

ably due to the insufficient util ization of D H A  for 
intracellular A T P  product ion.  These results are con- 
sistent with the hypothesis  that  the glycerol phos- 
phate  shuttle is functionally impaired in N I D D M  
beta  cells. 
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