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Summary. The insulinotropic effects of L-leucine and 
e-ketoisocaproic acid have been compared in perifused 
isolated pancreatic islets. In contrast to e-ketoisocaproic 
acid (10 mM), L-leucine (10 raM) released less insulin in 
the presence than in the absence of glucose (5 mM). 
Changes of islet cell metabolism accompanying insulin 
release were studied by recording the fluorescence of re- 
duced pyridine nucleotides. The traces of L-leucine -- or 
e-ketoisocaproic acid-induced fluorescence increase dif- 
fered both in the absence and in the presence of glucose 
(5 mM). When the medium perifusing the islets contained 
30 m2Cf L-leucine, a-ketoisoeaproic acid (10 raM) still 

triggered a significant insulin release. These results argue 
against an indirect action of e-ketoisocaproie acid via 
transformation to L-leucine. isocaproic acid (10 mM), L- 
e-hydroxyisocaproic acid (10 mM) or ~-ketoisovaleric acid 
stimulated no remarkable insulin release, demonstrating 
that  the strong insulinotropie effect of ~-ketoisoeaproic 
acid is coupled both to its ~-ketogroup and to the length 
of its carbon chain. 
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~-Ketoisocaproic acid (KIC), the deaminated metab- 
olite of leucine, elicited an intense insulin release from 
isolated pancreatic islets [1]. There was some evidence 
tha t  oxidation of KIC did not provide the signal for 
stimulation of insulin secretion. In  isolated islets of 
Langerhans KIC, however, enhanced the tissue level 
and the production of leucine. Therefore the possibility 
existed tha t  L-leneine was the true trigger of insulin 
secretion induced by  KIC. The aim of the following 
s tudy was to clarify tha t  point and to gain further 
insight in the mechanism of L-leucine - -  and KIC  --  
induced insulin release. Preliminary results of some of 
the folloMng observations have been reported else- 
where [2, 3]. 

Materials and Methods 

1. Chemicals 
Sodium salts of g-ketomonocarboxylie acids (Sig- 

ma, St. Louis) were used. Since the preparations con- 
tained less than  equivalent amounts of sodium, the 
true sodium content was controlled by  atomic absorp- 
tion and considered when omitting equivalent amounts 
of sodium chloride from the media. KIC contained less 
than  0.002 % leucine as measured by  column chromato- 
graphy. Sodium suecinate, L-leucine, pentobarbital  
and cycloheximide were from Serva, Heidelberg; 
bovine serum albumin, crystalline ox insulin (27 U/rag) 
and 125I-insulin from Farbwerke Hoechst, Itoechst. 
Guinea-pig anti-insulin serum was prepared in our 
institute. Stock solutions of L-~-hydroxyisocaproie 
acid (Sigma, St. Louis), isovMeric and isocaproic acid 
(Fluka, Buchs) were neutralized with sodium hy- 

droxide. All other substances were obtained from 
Merck, Darmstadt .  

2. Perifusion of Pancreatic Islets 
6--8  months old obese-hyperglycemic mice of both 

sexes were starved for 20--28 h and killed by  decapita- 
tion. Pancreatic islets were dissected within 25 rain at  
~-2 ~ in Krebs-ginger  phosphate buffer supplemented 
with 3.3 m ~  glucose [4]. Perifusion at 85 ~l/min and 36 ~ 
was performed as described [1, 5]. The media consisted 
of Krebs-I~inger bicarbonate buffer. When insulin secre- 
tion was measured the medium contained 2 mg/ml 
bovine serum albumin and was collected in 4 min frac- 
tions. When sodium salts of carboxylie acids were 
added, equimolar amounts of sodium chloride were 
omitted. 

3. Analytical 
NAD(P)H-fluoreseence [1, 5] and immunologically 

reactive insulin [6] were measured as described. Ox 
insulin was used as standard. None of the tested sub- 
stances influenced the immunoassay. The calcium 
content of the media was controlled by  atomic absorp- 
tion. By omission of calcium from the media levels 
lower than  0.1 mEq/1 were obtained. 

4. Evaluation of Results 
In  fluorimetric studies typical single experiments 

are described. Reproducibility was tested by  repeating 
each experiment at  least 5 times, using different islets 
(0.35--0.5 mm, longest diameter). The fluorescence 
increase induced by  20 mM glucose or 3 mM pentobar- 
bital, served as a reference value. The results described 
were observed in every single experiment, 
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Data on insulin release are given as means and 
standard errors of the mean. The average secretion 
rates during one exposure period were compared with 
those from the preceding 12 min control period by the 
t-test for paired observations. A significant increase 
was assumed if p was below the 5% level. 

Results 

10 mM L-leueine stimulated insulin secretion from 
the substrate-free perffused pancreatic islet with an 
initial overshoot, accompanied by a twophase increase 
of the NAD(P)H-fluorescence [1]. To rule out the 
possibility that  the fading of insulin release was 

addition of KIC (Fig. 2). Glucose (5 mM) did not 
diminish insulin secretion elicited by 10 mM KIC 
(Table 1, Fig. 2). 

The different effects of glucose upon L-leueine -- 
or KIC-induced insulin release and upon the accom- 
panying fluorescence changes did not support an 
indirect stimulatory action of KIC via leucine. Fur- 
thermore even in the presence of 30 mM L-leucine KIC 
triggered insulin release, which was not accompanied 
by a NAD(P)It-fluoreseenee increase (Fig. 3). 3 mM 
pentobarbital, however, produced a large fluorescence 
increase in the presence of 30 mM L-leucine, demon- 
strating that  the lack of fluorimetrie response to KIC 
was not due to low levels of oxidized pyridine nucleo- 
tides. I t  is unlikely that  KIC merely acted as a fuel. 

Table 1. Rates of insulin secretion by perifused isolated pancreatic islets from obese 
hyperglycemic mice. The average rates of insulin secretion (ttU/min/islet) from 24-- 
36 min (control period) and 37--72rain (period of exposure to test substance) of peri- 

fusion of islets are indicated 

Test substance n Control Test p 

10 mM L-leucine 7 0.604-0.13 2.29• <0.001 
10 mM L-leucine a 17 0.67• 1.13• <0.001 
20 mM L-leueine a 4 0.754-0.12 1.834-0.10 b <0.01 
30 mM L-leucine a 8 0.58• 2.634-0.36 e <0.001 

5 mM c~-ketoisocaproie acid 4 0.444-0.09 1.52• <0.0025 
l0 rm-Vi ~-ketoisoeaproic acid 8 0.39Jc0.06 2.154-0.26 <0.001 
l0 mM e-ketoisocaproic acid a 16 0.634-0.05 2.904-0.21 <0.001 
10 mM e-ketoisovalerie acid a 5 0.77• 1.03J=0.18 <0.05 
10 mM L-~-hydroxyisocaproic acid a 3 0.914-0.15 1.04• >0.1 
10 mM Isovaleric acid a 4 0.67-4-0.10 0.604-0.19 >0.1 
10 mM Isovaleric acid 6 0.464-0.07 0.534-0.11 >0.1 
10 mM Isocaproie acid 4 0.65-t-0.10 0.814-0.18 >0.1 

= Media contained 5 mM glucose during control and test period. 
b = Response to 20 mM L-leucine was significantly higher than to 10 mM L- 

leueine in the presence of 5 mM glucose (f < 0.01, t-test). 
c = Response to 30 mM L-leucine was significantly higher than to 20 mM L- 

leueine (p < 0.05, t-test). 

brought about by a lack of energy yielding substrates, 
the responses of islets perifused with media containing 
5 mM glucose were examined. I t  has been shown that  
5 mM glucose enhanced the ATP content of pancreatic 
islets from obese-hyperglycemic mice [7] and only 
slightly inhibited [U-~4C] leucine oxidation by islets [8]. 
Insulin release triggered by 10 mM L-leucine, however, 
was significantly (p<0 .001 ;  t-test) lower in the 
presence than in the absence of 5 mM glucose (Table 1, 
Fig. 1). Simultaneously 5 mM glucose altered the 
kinetic of the leucine-indueed fluorescence increase 
(Fig. 1). In  the presence of 5 mM glucose L-leueine 
(t0 mM) caused a monophase rise of the fluorescence 
trace, starting 10--20 sec after L-leucine arrived at the 
islet (Fig. 1). 

The typical kinetic of the fluorescence changes in 
response to 10 mM KIC [1] was also affected by 5 mM 
glucose (Fig. 2). When the media contained 5 mM glu- 
cose, the K[C-induced fluorescence increase did not 
take place with an initial overshoot. Withdrawal of 
KIC caused a fluorescence decrease. But the fluores- 
cence intensity remained markedly higher than before 

From data published by Ashcroft st al. [9] and Hellman 
et al. [8], one would expect that  mouse islets respiring 
in the presence of glucose (5 raM) and L-leueine (30 
mM) are well supplied with substrates yielding meta- 
bolic energy. Moreover 10 mM pyruvate elicited no 
significant (n = 5 ; p > 0.1) insulin release by islets 
perifused with 5 mM glucose and 30 mM L-leucine. 

The fluorimetric responses to L-leucine or KIC 
were not affected when insulin synthesis was inhibited 
by 1 mM cycloheximide (compare traces a and c of 
Fig. 4 with the upper traces of Fig. 2 and Fig. 1). But 
under conditions of inhibited insulin release the 
fluorescence kinetics caused by L-leucine or KIC were 
changed. Omission of calcium from the media inhibited 
insulin secretion induced by leucine [10] or KIC (U. 
Panten and E. v. Kriegstein, unpublished observa- 
tions). When glucose-free media were not supplemented 
with calcium the NAD(P)H-fluorescence remained at 
a constant increased level during the whole exposure 
period to KIC (Fig. 4b). In  the absence of calcium, L- 
leucine caused a monophase fluorescence increase 
(Fig. 4d). 
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Fig. 1. Effect of L-leueine on insulin secretion of a single islet perifused in the presence of 5 mM glucose from min 0-- 
108 (lowest curve). In a parallel experiment (middle trace) the effect of L-leucine on the NAD(P)I-I-fluorescence of a 
single islet perifused in the presence of 5 mM glucose (from rain 0--108) is shown. The upper trace shows the effect 
of L-leucine on the NAD(P)H-fiuorescenee of a single islet perifused in the absence of glucose (from rain 0--108) 
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Fig. 2. Effect of KIC on insulin secretion of a single islet perifused in the presence of 5 mM glucose from rain 0--108 
(lowest curve). In  a parallel experiment (middle trace) the effect of KIC on the NAD(P)I-I-fluorescence of a single 
islet perifused in the presence of 5 mM glucose (from rain 0--108) is showm The upper trace shows the effect on I4IC 

on the NAI)(P)It-fluorescenee of a single islet perifused in the absence of glucose (from rain 0--108) 
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Fig.  3. Effect  of K I C  on the  NAD(P)H-f luorescence  t race  (upper curve) of a single islet (0.35 m m  shortes t  d iameter)  
perifused wi th  30 mM L-leucine. The  curve  represents  one of six exper iments  per formed under  the  same condit ions.  
All exper iments  gave  similar  profiles. I n  paral le l  exper iments  the  a m o u n t  of insulin released was immunoassayed  
(shortest  d i amete r  of islets 0 .2--0.3  mm).  The  columns of t he  secret ion profile represent  the  mean  • s.e.m, of 3 ex- 
per iments .  The  average  insulin secret ion f rom rain 72--  108 was signif icantly h igher  t h a n  t h a t  f rom rain 36--  72 (p < 

0.005 ; t - test)  
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Fig.  4. NAD(P)I-I-fluorescence t races of single islets. Media conta ined  10 mM K I C  (traces a, b) of 10 mM L-leucine 
(traces c, d) f rom rain 36--72.  Media conta ined 20 mM glucose (traces a, b, c, d) f rom rain 108-- 144. Media. conta ined  
1 mM cyc loheximide  (traces a, c) f rom rain 1 -- 144. Media conta ined  no ca lc ium (traces b, d) f rom min  1 --  144. No o ther  
substra tes  were added  to the  media .  E a c h  curve  represents  one of six exper iments  per formed under  the  same condi- 

t ions, all  of which gave  similar  profiles 
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Some substances structurally related to KIC  were 
tested in order to see which parts  of the KIC-molecule 
are essential for the strong st imulatory effect upon in- 
sulin release. Isovaleric acid, isocaproic acid and L-m- 
hydroxyisocaproie acid did not trigger insulin secre- 
tion significantly (Table 1). In  the wesence of 5 mM 
glucose i0 mM z-ketoisovalerie acid released only a 
very small amount  of insulin (Table 1) accompanied by  
a small fluorescence increase (about 15% of the increase 
caused by  20 mM glucose). 

Discussion 

In  the absence of glucose, L-leucine released more 
insulin from perifused islets than in the presence of a 
substimulatory (5 mM) glucose concentration (Table i). 
Furthermore,  Table 1 shows tha t  5 mM glucose prob- 
ably shifted the concentration-response curve to higher 
leucine levels. This enhanced sensitivity to leueine 
shown by  islets perifused without substrate may  be 
caused by  removal of glucose-dependent modifiers of 
insulin release, e.g. endogenous substrates or glucagon. 

If  leucine produced by transamination of KIC was 
the true trigger of KIC-induced insulin release, one 
would expect a greater insulinotropic effect of KIC in 
the absence than in the presence of glucose. But  such 
an effect of 5 mM glucose was not seen (Table 1). Islets 
perifused with 30 mM L-leucine probably did not 
respond to 10 mlVf KIC  with production of leueine. 
KIC, however, triggered insulin secretion in the 
presence of 30 mM L-leucine (Fig. 3). These results did 
not support  the concept tha t  the insulinotropic effect 
of KIC was caused by  its t ransamination derivative 
leueine. 

The NAD(P)H-fluorescence changes accompany- 
ing leucine-induced insulin release probably do not 
reflect changes induced by  metabolie degradation of L- 
leucine. The nonmetabolized analogue to leucine BCH 
does elicit a fluorescence response almost identical to 
leueine although it is most probably not utilized by the 
B-cell [11]. Therefore it is likely tha t  the fluorimetric 
signals were consequences of events started by the 
interaction of L-leucine and b-BCtt  with their receptor 
site for insulin release. This view was supported by the 
changed fluorescence trace (Fig. 4), when the stimula- 
tory  effect of L-leueine upon insulin release was in- 
hibited by  omission of calcium from the media [10]. 
The finding tha t  fluorescence changes persist in the 
absence of calcium may  indicate tha t  they reflect a 
cellular response which precedes the secretory process 
itself. 

The striking similarity of leueine and BCH induced 
fluorescence traces [1, 1 i], suggests tha t  the lat ter  can 
be used as fingerprints to identify substances stimulat- 
ing insulin release by  the same mechanism. But  during 
different experimental  conditions, KIC caused fluores- 
cence profiles which never resembled the fluorimetrie 
responses to leucine (Figs, 1, 2, 4). 

Mitochondrial degradation of K I C  probably does 
not provide the signal for insulin release [1, 12]. From 
the presented results it cannot be decided to which 
extent KIC-indueed fluorescence increase results from 
its mitochondrial degradation or from changes of 
metabolism triggered by reactions of the stimulus- 
secretion sequence. The lack of a fluorimetric response 
to KIC in the presence of 30 mM L-leucine (Fig. 3) may  
be used in favour of the view that  KIC  does not 
stimulate insulin secretion by  elevation of NADH- 
levels by  mediation of KIC-dehydrogenase. Moreover 
the lat ter  experiment demonstrates tha t  an increase of 
NAD(P)H-fluorescence is no obligatory reaction ac- 
companying the stimulation of insulin release. 

The presented results support the view tha t  K I r  
itself triggered insulin release. The great potency of 
KIC  was not maintained when hydrogen atoms, a 
hydroxy group or an amino group replaced the ~-keto 
group (Table 1). Moreover the s t imulatory act ivi ty 
depended on the structure of the carbon chain of KIC, 
since e-ketoisovaleric acid released only very little 
insulin (Table i). However, it remains unsettled, 
whether KIC acted on the same receptor site for in- 
sulin release as L-leucine and (-)-b-BCH. Information 
on this point may  be provided by  a search for com- 
petitive inhibitors of insulin release stimulated by  
those structurally related substances. 
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