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The present thesis is based on the following papers, reference to which will
be made by citation of the appropriate Roman numerals.
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modifiers of insulin release on the oxidative metabolism of amino acids in
micro-dissected pancreatic islets. Biochem. J. 123, 513 (1971].

II. Heilman, B., Sehlin, J. and Taljedal, I.-B.: Transport of a-aminoisobutyric
acid in mammalian pancreatic ß-cells. Diabetologia 7, 256 (1971).

III. Heilman, B., Sehlin, J. and Täljedal, I.-B.: Uptake of alanine, arginine and
leucine by mammalian pancreatic B-cells. Endocrinology, in press.

IV. Christensen, H. N., Heilman, B., Lernmark, Å., Sehlin, J., Tager, S. and
Täljedal, I.-B.: In vitro stimulation of insulin release by non-metabolizable, 
transport-specific amino acids. Biochim. biophys. Acta 241, 341, (1971).

V. Sehlin, J.: Transport and oxidation of glycine in mammalian pancreatic 
islets with reference to the mechanism of amino acid-induced insulin release. 
Hormones, in press.

VI. Sehlin, J.: Transport and oxidation of glutamic acid in mammalian pancreatic 
islets. Hormones, in press.
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INTRODUCTION

It is well established that a variety of amino acids are able to stimulate 
insulin release both in vitro and in vivo (Fajans et al., 1967; Milner and Hales, 
1967; Edgar et al., 1969; Lambert et al., 1969; Malaisse, 1969]. The mechanisms 
of this action have been the subject of intense discussion but are still poorly 
understood. Malaisse and Malaisse-Lagae (1968] suggested that amino acids may 
stimulate insulin release through metabolic processes within the pancreatic 
ß-cells comparable to those induced by glucose. Alsever et al. (1969] proposed 
that arginine and glycine could act as insulin secretagogues by being converted 
to guanidino acetic acid, which was found to stimulate insulin release. Christen
sen and Cullen (1969] found that a synthetic, non-metabolizable and transport- 
specific amino acid, 2-aminobicyclo (2,2,1] heptane-2-carboxylic acid, (BCH], 
caused hypoglycemia when adminstered to rats. They proposed that insulin 
release is triggered by the binding of amino acids to specific transport molecules 
in the ß-cell plasma membrane.

The development of tenable theories as to the mechanisms by which amino 
acids act as insulin secretagogues has been hampered by the scanty information 
available concerning their uptake and metabolism in the pancreatic islets. The 
principal aim of the present investigation was therefore to study the uptake and 
oxidative metabolism as well as the insulin-releasing capacity of some amino 
acids with respect to the following questions: 1. Do amino acids stimulate insulin 
release by serving as fuels for the ß-cells? 2. Are the pancreatic ß-cells equipped 
with specific transport systems for amino acids? 3. Can amino acids trigger insulin 
release by binding to specific transport molecules in the ß-cell plasma membrane?

7



MATERIALS AND METHODS

ANIMALS AND ISOLATION OF ISLETS
The animals used were obese-hyperglycemic mice (gene symbol ob/ob) of a 

strain originating from R. B. Jackson Memorial Laboratories, Bar Harbor, Maine, 
U.S.A. and bred in our laboratory since 1959 (Heilman, 1965]. The mice were 
generally starved overnight before decapitation.

After rapid excision, the pancreas was transferred to gassed (95 % 02+5 % 
CO 2) Krebs-Ringer bicarbonate buffer (pH 7.4) supplemented with 0.3—0.5 % 
(w/v] crystalline human serum albumin and, in most experiments, 3.0 mM 
D-glucose. The islets were then carefully isolated from surrounding exocrine 
parenchyma by free hand microdissection according to Hellerström (1964]. The 
islets from obese-hyperglycemic mice consist to more than 90 % of ß-cells, 
which are known to respond adequately to various secretagogues (Lernmark, 
1971].

INCUBATIONS
Oxidation. Islets were individually incubated at 37° C with the 14C-labeled 

substance under study in 100 pi of medium, which had the same basic compo
sition as that used for the microdissection. The incubations were performed for 
120 min in liquid-scintillation vials equipped with a small glass centre well 
(cf. Keen et al., 1963). Blank values were obtained by incubating media without 
islets. At the end of the incubation, metabolism was arrested by the injection 
of 100 pi 0.1 M HC1 into the centre well. The liberated CO2 was collected over 
a period of 60 min in 100 pi of Hyamine injected into the outer container vial. 
The samples were shaken at room temperature during this period. After the 
addition of 10 ml scintillation liquid the radioactivity was measured in a liquid- 
scintillation spectrometer. The radioactivity was corrected for blanks and stan
dardized in relation to external standards, the radioactivity of which was counted 
parallel with that of the incubated vials. These standards consisted of 5 pi of 
incubation medium dissolved in 100 pi of Hyamine. After freeze-drying (—40° C;
0.001 mm Hg) overnight the islets were weighed on a quartz fibre balance 
(Lowry, 1953). The radioactivity data were then converted to mmoles of sub
strate oxidized per kg dry islet, assuming complete oxidation of each substrate 
molecule.

Transport. Batches of 2—3 islets were incubated at 37° C. The incubation 
medium (200 pi) had the same basic composition as during the microdissection 
and was also supplemented with the 14C-labeled amino acid under study. At the 
end of the incubation the islets were transferred from the incubation vessels



and washed for 4X1 min in non-radioactive, ice-cold media of the same compo
sition as during the incubation. This washing procedure removes about 80 % 
of the extracellular radioactivity and has but little effect on the intracellular 
content of labeled amino acids (II, III, V, VI).

In some experiments (IV, V, VI) the incubation medium also contained 
3H-mannitol or 3H-sucrose, which have both been shown to be restricted to the 
extracellular space of pancreatic islets (Heilman et ah, 1971 a, b). With the aid 
of these tritiated substances it was possible to correct for label in the extra
cellular space without washing.

The incubated islets were transferred to bits of aluminium foil and gently 
freed of as much contaminating fluid as possible with the use of micropipettes. 
After freeze-drying and weighing (see above), the islets were placed in liquid- 
scintillation vials and dissolved by incubation for 45 min in 100 M>1 of Hyamine 
at room temperature. Ten ml of scintillation liquid was then added and the 
islets were analyzed with respect to their radioactive content in the liquid- 
scintillation spectrometer. This radioactivity was translated to mmoles of amino 
acid per kg dry islet by comparison with external standards (see above). In 
double-label experiments the setting of the discriminators was such that less 
than 0.5 % of the 3H-counts were also counted in the 14C-channel. Spill over 
to the 3H-channel was 25 % of the counts in the 14C-channel. The specific 
radioactivities were chosen to give approximately the same number of counts per 
min in either channel.

Insulin release. Incubations were performed at 37° C, using the same basal 
medium as during the microdissection. After preincubation for 40 min, batches 
of 2 islets were either incubated for 5 min (early phase) followed by 60 min 
(late phase) (IV) or subjected only to the latter period of incubation (V, VI). 
Insulin was assayed with a double-antibody technique (Hales and Randle, 1963), 
using crystalline mouse insulin as standard. After freeze-drying and weighing of 
the islets, the results were expressed as ng insulin released per pg dry islet.
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RESULTS AND DISCUSSION

OXIDATION OF AMINO ACIDS
In the absence of D-glucose; L-leucine was the most rapidly oxidized amino 

acid studied (I), the rate at 20 mM corresponding to about 25 % of that obtained 
with 20 mM D-glucose. When D-glucose was added to the incubation medium 
the oxidation of L-leucine was depressed. The rate of oxidation of L-alanine (I] 
and of L-glutamic acid (VI) was slow in the absence of D-glucose but was 
markedly increased when the medium was supplemented with this sugar. L-alani- 
ne oxidation was dependent on the concentration of D-glucose in a manner 
similar to the oxidation of D-glucose itself. This suggests that L-alanine oxida
tion is stimulated when D-glucose is metabolized. Further evidence for this view 
was provided by the observation that both D-mannoheptulose and iodoacetamide 
blocked the D-glucose stimulation of L-alanine oxidation. The oxidation of 
L-arginine (I) and of glycine (V) was barely detectable even if D-glucose was 
present in the incubation medium.

Various amino acids are known to differ with respect to their capacity to 
induce insulin release from isolated islets of obese-hyperglycemic mice (Lern- 
mark, 1971). L-leucine stimulates insulin release both in the absence and pre
sence of D-glucose, whereas L-arginine is able to stimulate only when D-glucose 
is present in the incubation medium. L-alanine, glycine (V) and L-glutamic acid 
(VI) do not act as insulin secretagogues regardless of whether D-glucose is 
present in the medium. It has been suggested that amino acids stimulate insulin 
release through metabolic processes within the ß-cells comparable to those 
induced by D-glucose (Malaisse and Malaisse-Lagae, 1968). It is obvious from 
the present studies on B-cell-rich pancreatic islets that no correlation exists 
between the oxidation rates of amino acids and their capacities as insulin secre
tagogues. It is therefore reasonable to assume that amino acids do not stimulate 
insulin release by simply serving as fuels for the ß-cells.

TRANSPORT OF AMINO ACIDS
The methodological possibilities for studying the transport of amino acids 

into microdissected islets of obese-hyperglycemic mice were investigated (II). 
In these studies the non-metabolizable a-aminoisobutyric acid (AIB) was used. 
Highly reproducible results were obtained when, after incubation with the 
labeled test amino acid, the islets were washed in a standardized way (4X1 min 
at 0° C). The extracellular (sucrose) space of microdissected islets was calcula
ted as about 38 % of the total water of the unwashed islet specimens. During 
the washing procedure about 80 % of the radioactivity in the extracellular space
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was removed, whereas only insignificant amounts of intracellular label seemed 
to be washed out.

The pancreatic islets exhibited a concentrative uptake of AIB, yielding 
distribution ratios much higher than unity .The transport was markedly sodium- 
and oxygen-dependent and was inhibited by L-alanine, L-methionine and L-lysine 
but not by L-leucine. The results strongly suggest that the B-cells are equipped 
with mechanisms for the transport of neutral amino acids similar to the alanine- 
preferring system (the A-system) originally described for Ehrlich ascites tumour 
cells (Oxender and Christensen, 1963) and later reported for a variety of cells 
(Stein, 1967). This is further supported by the finding that L-alanine (III) and 
glycine (V ), which are thought to be transported by the A-system in several 
other tissues (Stein, 1967), exhibilited transport characteristics very similar to 
those found for AIB.

It has been suggested that insulin release from the foetal rat pancreas may 
be triggered by sodium-coupled transport of L-alanine or tf-aminoisobutyric acid 
(Lambert, 1970; Lambert et al., 1971). The failure of these two amino acids to 
stimulate insulin release from the islets of obese-hyperglycemic mice (Lernmark, 
1971) along with the present results indicate, however, that cotransport of 
amino acids and sodium does not suffice to elicit a discharge of insulin from 
the mature ß-cell.

Exogenous D-glucose did not stimulate the transport of alanine (III). This 
indicates that the stimulation of L-alanine oxidation observed after exposing 
the islets to D-glucose does not depend on an enhanced transport of the amino 
acid.

The hypothesis has been forwarded that amino acids trigger insulin release 
by binding to their transport molecules in the ß-cell plasma membrane (Chris
tensen and Cullen, 1969). This hypothesis was based on the finding that an 
artificial amino acid, 2-amino-bicyclo (2, 2, 1) heptane-2-carboxylic acid (BCH), 
caused hypoglycemia when adminstered to rats. BCH was designed to fit the 
leucine-preferring system (the L-system; Oxender and Christensen, 1963), for 
transport of neutral amino acids and does not undergo metabolic degradation 
(Christensen and Cullen, 1969). Subsequent in vivo experiments revealed that 
the hypoglycemic action was limited to the b(-)-form of BCH (Tager et al., 
1969; Tager and Christensen, 1971), which is considered to be the only isomer 
serving as a fully characteristic substrate of the L-system.

b(-)-BCH was rapidly taken up by the micro dissected pancreatic islets and 
also stimulated insulin release both in the absence and in the presence of D- 
glucose (IV). In this respect, the behaviour of b(-)-BCH was strikingly similar 
to that of L-leucine. The present results (III) show that L-leucine was rapidly 
equilibrated across the ß-cell membrane but did not accumulate to any great 
extent .The uptake of L-leucine was inhibited by L-isoleucine but was not 
markedly sodium-dependent. This is consistent with the view that L-leucine is 
transported into the ß-cells mainly by the L-system. The finding that BCH
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mimics the effect of L-leucine on insulin release without being metabolized, 
as well as the fact that both amino acids are evidently transported by the L- 
system, emphasizes the possible role of transport sites in amino acid-induced 
insulin release.

The cationic amino acid L-arginine has been shown to act as an insulin 
secretagogue in vitro using islets from obese-hyperglycemic mice (Lernmark, 
1971]. However, this effect is evident only when the incubation medium is 
supplemented with D-glucose. Studies on the uptake of L-arginine (III] revealed 
that this amino acid was rapidly taken up by the pancreatic islets, yielding 
distribution ratios much higher than unity. Further evidence for mediated 
transport of L-arginine was provided by the demonstration that the transport 
process was saturable.

If the hypothesis of Christensen and Cullen [1969] is correct, one would 
expect that 4-amino-l-guanylpiperidine-4-carboxylic acid (GPA], recently deve
loped as a non-metabolizable substrate for the transport system for cationic 
amino acids, should behave as L-arginine with respect to its insulin releasing 
capacity. It is evident from the present results (IV] that this arginine analogue 
stimulated insulin release in vitro. The glucose dependence of GPA as an insulin 
secretagogue supports the idea that it acts by the same mechanism as does L- 
arginine. GPA (IV] and L-arginine (III] showed very similar uptake charac
teristics, which supports the idea that these two amino acids are transported 
into the ß-cells by the same mechanism.

Taken together, the present results strongly support the hypothesis of 
Christensen and Cullen (1969]. It is evident, however, that the binding of 
amino acids to transport sites does not always provide signals for insulin release. 
It was namely found that some amino acids were readily transported into the 
ß-cells of obese-hyperglycemic mice without eliciting insulin release (II, III, 
V, VI]. So far, no amino acid has been shown to be both mainly transported by 
the A-system and to be a stimulant for insulin release from the mouse ß-cells. 
The A-system for uptake of neutral amino acids into the mouse ß-cells there
fore seems to represent an exception to the postulated identity between transport 
molecules and trigger sites for insulin release. The data in paper VI furthermore 
suggest that the transport system for dicarboxylic amino acids does not parti
cipate in the triggering of insulin release. This conclusion is based on the finding 
that although L-glutamic acid is transported into the islet cells, it does not 
stimulate insulin release.
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CONCLUSIONS

In answer to the questions raised in the introduction of this thesis, the 
following major conclusions emerge from the studies of isolated islets from the 
obese-hyperglycemic mice:

1. There was no correlation between the insulin releasing capacity of amino 
acids and their rate of oxidation in the islets. This makes it unlikely that 
the amino acids stimulate insulin release by serving as fuels for the ß-cells.

2. By operational criteria the following amino acid transport systems were 
identified in the pancreatic islets: an alanine-preferring system for neutral 
amino acids [A-system], a leucine-preferring system for neutral amino acids 
(L-system], a system for cationic amino acids, and a system for dicarboxylic 
amino acids.

3. A classification of the amino acids with respect to their transport systems 
appeared to coincide with a classification according to their potency as 
insulin secretagogues. Whereas amino acids transported by the L-system 
or by the system for cationic amino acids stimulated insulin release, those 
transported by the A-system or the system for dicarboxylic amino acids 
did not.
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