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The aim of the present study  was  to determine 
whether  pancreatic  8-cells  can degrade stored  insulin. 
Isolated rat  pancreatic islets were  maintained in tissue 
culture in the presence of [3HJleucine and 8.3 m~ glu- 
cose. After 3 days, a steady state level of labeled insulin 
(as  detected  by  immunoprecipitation)  was  reached. The 
fate of the labeled  insulin  was then followed during a 
24-h chase  incubation  in the presence of different glu- 
cose  concentrations.  When the glucose  concentration 
during the chase  period  was  maintained at 8.3 II~M, 
labeled  insulin in the islets decreased  by 41% after 24 
h. However,  only 16% of the labeled insulin  was re- 
leased  into the medium.  Thus, 25% of the labeled insulin 
was  not  recovered  from either the islets  or the medium. 
Since insulin  degradation in the medium  during  the 
chase incubation  could not account  for this loss, it is 
concluded that the loss was  due to degradation of la- 
beled insulin  stores within islet cells. When  insulin 
release was  reduced  by  lowering the glucose  concen- 
tration  to 2.8 m~ during the chase incubation,  only 4% 
of the labeled insulin  was released and 37% was de- 
graded by islet cells. Stimulation of insulin release by 
16.7 m~ glucose  during the 24-h chase  period resulted 
in release of 48% of the labeled insulin with only insig- 
nificant  intracellular  degradation.  By  contrast, the 
measurement of total,  unlabeled  insulin  by  immunoas- 
say did not  allow  for  detection of intracellular degra- 
dation,  since  no  decrease in the total insulin content of 
the islets was  found  under  any of the conditions  studied. 
This suggests that insulin biosynthesis  compensates  for 
insulin degradation and release. It  is concluded that at 
low and intermediate  glucose  concentrations,  loss of 
labeled insulin  from islets due  to  intracellular  degra- 
dation  occurs  and even exceeds the loss  due to release. 

Studies on a number of cell types that secrete proteins have 
shown that  the protein in question can be degraded  within 
the cell of origin  before secretion (1-3). For parathyroid hor- 
mone,  up to 70% of  newly synthesized hormone can be de- 
graded in this way (4). Such a “futile cycle”  may thus play an 
important role  in controlling the level of stored proteins. For 
insulin, only indirect biochemical (5 ,  6) or histological (7-9) 
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evidence  exists for intracellular degradation by the pancreatic 
p-cell. 

This communication  describes studies directed towards 
demonstration of insulin degradation by the p-cell. In a pre- 
vious study ( 5 ) ,  intracellular degradation of insulin was in- 
ferred following severe perturbation of pancreatic islets by a 
nonphysiological agent (cyproheptadine). In order to study 
insulin degradation in the presence of glucose, the physiolog- 
ical regulator of insulin  biosynthesis and release, islet  insulin 
stores were  labeled  with L3H]leucine. This method was chosen 
because,  in  analogy to studies on parathyroid hormone (l), 
the mere measurement of changes  in  levels of total immuno- 
reactive insulin  does not allow  for detection of degradation 
since  insulin  biosynthesis counterbalances degradation. In this 
study, islet insulin stores were  labeled to  a steady state and 
their fate then followed during a subsequent 24-h chase period 
in the absence of [3H]leucine. By this approach, insulin  bio- 
synthesis, although not inhibited, should not affect measure- 
ments of insulin degradation. 

The results of this study demonstrate that stored insulin is 
indeed  degraded by islet cells and that a relationship exists 
between the extent of intracellular degradation and insulin 
release. Thus, when  insulin  release was inhibited by  lowering 
the glucose concentration, a greater percentage of labeled 
stored insulin was degraded. Such a relationship suggests that 
intracellular insulin degradation by islet  cells  may be an 
important homeostatic mechanism, maintaining pancreatic 
insulin stores at a constant level despite changes in insulin 
release and biosynthesis. 

METHODS 

Islet  Incubations  for  Labeling and  Chase-Rat  pancreatic  islets 
isolated by the collagenase technique (10) were prepared  and subse- 
quently  maintained  in  tissue culture as described previously (5).  In 
order to label the insulin stores, 200 islets  were  maintained  in culture 
in 4 ml of Dulbecco’s modified Eagle’s medium (Grand Island Biolog- 
ical Co., Grand Island, N. y.) supplemented with 10% heat-inactivated 
newborn calf serum  and containing  8.3 mM glucose and 50 p C i / d  of 
~-[4,5-~H]leucine (Radiochemical Centre, Amersham,  Bucks, U. K.). 
The final specific radioactivity of the [3H]leucine was 62.5 mCi/mmol 
(the leucine  concentration  in the  culture medium being 0.8 mM). After 
labeling under  these conditions  for  3 days,  the islets  were  washed 
three  times in  a modified Krebs-Ringer bicarbonate buffer containing 
10 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (Hepes) 
(5). They were then  transferred  to fresh culture medium (100 islets in 
4 ml of DME medium’)  in the absence of the labeled amino acid  for 
a chase  culture period of  24 h  in the presence of  2.8,  8.3, or 16.7 mM 
glucose. At the end of the  chase period, the islets  were  again  washed 
as above and  the  culture medium was collected. 

Immunoprecipitation of Labeled  Proinsulin and  Insulin-Twenty 
to fifty islets were suspended in 1 ml of 0.2 M glycine, bovine serum 
albumin (2.5 mg/ml), pH 8.8 (glycine/BSA), and sonicated (5). Islet 
sonicates and  aliquots of culture medium  were then centrifuged 
(30,000 X g, 30 min, 4’0.  The  supernatants were used for subsequent 
analyses. No loss of immunoreactive  insulin was detectable following 
sonication and ultracentrifugation of islets  (11). 

Radioactively  labeled  proinsulin and insulin was measured by 
quantitative immunoprecipitation.  Aliquots of islet  sonicates or of 
culture medium samples were incubated at  room temperature for 1  h 
in the presence of a 100-fold excess (binding capacity relative to  total 
immunoreactive material  present in sample) of anti-insulin serum 
(Miles-Yeda,  Rehovot,  Israel). The  total incubation  volume  was 100 

’ The  abbreviations used are: DME medium, Dulbecco’s modified 
Eagle’s medium; BSA, bovine serum albumin; NP-40, Nonidet P-40. 

6003 

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


6004 Intracellular  Insulin  Degradation in Pancreatic  Islets 

pI of  0.2 M glycine/BSA buffer, 0.5% (v/v) NP-40 (Nonidet P-40, 
Fluka, A. G., Buchs, Switzerland), Antibody.antigen complexes were 
then precipitated by adding 5 mg  of protein A-Sepharose (Pharmacia, 
Zurich, Switzerland) in 100 pl of glycine/BSA/NP-40 buffer. After 
mixing at room temperature for 15 min, the immunoreactive material 
bound to  the protein A-Sepharose was separated from unbound 
material in the  supernatant by centrifugation (8,OOO X g, 30 s). After 
washing the precipitate twice with 250 pl of glycine/BSA/NP-40, the 
precipitate was suspended in  250 p1 of 1 M acetic acid, 2.5 mg/ml of 
BSA. The supernatant (and washes) and the suspended precipitate 
were added to separate liquid scintillation vials and the radioactivity 
was determined in a liquid scintillation counter using 10 ml  of Biofluor 
(New England Nuclear, Dreieich, Federal Republic of Germany) as 
the scintillant. Nonspecific binding of radioactive material to either 
the antiserum or to the protein A-Sepharose was determined in 
parallel incubations for each sample by  using nonimmume serum in 
place of anti-insulin serum. Alternatively, a 100-fold  excess (relative 
to the total binding capacity of the  serum) of native insulin was added 
to the anti-insulin serum. Both methods gave a nonspecific  binding 
component of less than 7% of the total bound radioactivity. All results 
are expressed as the specifically  bound radioactivity (total less non- 
specific). 

Using the above method, radioactively labeled immunoprecipitable 
material was found to be quantitatively precipitated and recovered. 
Due to the large excess of anti-insulin serum used, both insulin and 
proinsulin were precipitated quantitatively. In order to determine the 
percentage of the immunoprecipitable material in the form of proin- 
sulin or insulin, labeled material bound to  the protein A-Sepharose 
was displaced by the addition of 1 M acetic acid, 2.5 mg/ml of BSA to 
the washed precipitate and the solubilized immunoprecipitated ma- 
terial was then applied to a Sephadex G-50 (Pharmacia, Zurich, 
Switzerland) column (0.8 X 70 cm).  The column was developed with 
1 M acetic acid, 2.5 mg/ml of  BSA (1 ml fraction volume), in order to 
ensure that no rebinding to antibodies could occur during the chro- 
matography. It has been  shown previously that such a column allows 
for separation of proinsulin from insulin (5). 

Determination of Insulin  Degradation in the  Culture Medium and 
Measurement of Total Immunoreactive Insulin-In order to deter- 
mine the degradation of insulin  in the culture medium, islets were 
maintained in culture for 3 days in the absence of ['H]leucine and 
then transferred (after washing) to fresh culture medium to which 50 
nCi of semisynthetic ['Hlinsulin  (specific radioactivity, 10 Ci/mmol 
(12, 13)) had  been added, for a  further  culture period of 24 h. Intact 
labeled  insulin  was measured by immunoprecipitation (as above) and 
the insulin degraded in the culture medium thus was determined. In 
addition, islets were taken at the end of the incubation in the presence 
of the semisynthetic [''Hlinsulin and spun through an oil layer in 
microfuge tubes (14) in order to determine the amount of radioactivity 
taken up by the islets during the 24-h incubation. 

The total immunoreactive (unlabeled) insulin in both samples of 
culture medium and islets (after sonication) was determined by ra- 
dioimmunoassay as described previously (5). Results are expressed as 
the mean 2 S.E. 

RESULTS AND DISCUSSION 

Pancreatic  islets  were  maintained  in  culture  in the presence 
of [,"H]leucine for 1,2, or 3 days.  During  this  time,  it  was  found 
that  the  labeled  amino  acid  was  incorporated  into  specifically 
immunoprecipitable  material  which, as a result of the immu- 
noprecipitation  method  used,  consists of both  proinsulin  and 
insulin.  After 1 day,  440 f 90 dpm/islet (n = 4) was  specifically 
immunoprecipitable,  and  after 2 and 3 days,  the  values  were 
843 f 70 dpm  (n = 4)  and  817 k 36 dpm (n = 27), respectively. 
Thus,  by  Day 3, a steady state had  been  attained  where 
insulin  biosynthesis  was  counterbalanced  by  insulin  loss  from 
the p-cells. At  3 days,  immunoprecipitable  radioactivity  ac- 
counted  for 15% of the  total  islet  radioactivity. For all subse- 
quent  experiments, a 3-day  labeling  period  was  used. 

The  fa te  of the  labeled  insulin  stores  was  followed  by 
measuring  radioactive  insulin  in  both the islets  and the culture 
medium  after a 24-h  chase  period.  The  results of these  chase 
incubations  are  shown  in  Fig. 1. The hatched  bar   to   the left 
shows the immunoprecipitable  radioactive  material  found  in 
the  islets  at   the  end of the  3-day  prelabeling  period. The three 

islets after 
3 day  labelling 

islets and medium after  24h  chase 

glucose mM: 8.3 16.7 8.3 2 8  
._ n :  2 1  12 9 I 1  

FIG. 1. Immunoprecipitable radioactivity (proinsulin and 
insulin) in islets and culture medium. The  hatched  bar to the left 
shows the radioactive insulin content of islets at  the end of a 3-day 
labeling incubation with ["Hlleucine. The  three pairs of bars to the 
right show the islet radioactive insulin content (hatched  bar) and the 
total recoverable radioactive insulin (islet content plus material ac- 
cumulated in the culture medium) following a 24-h chase incubation 
in the presence of the glucose concentration indicated below the 
figure. The results are expressed as  the mean * S.E. with the number 
of independent observations indicated beneath the figure. 

bars  to the right show  results  for a 24-h  chase  in  the  presence 
of 16.7, 8.3, and 2.8 mM glucose,  respectively. The hatched 
bars  show the immunoprecipitable  radioactivity  recovered 
from the islets while the open  bars  show the total recoverable 
immunoprecipitable  material  from  both the islets  and the 
culture  medium. The difference  between the two  bars  for  each 
glucose  concentration  shows  the  amount of material  recovered 
from  the  culture  medium. It is  apparent that with  decreasing 
glucose (a )  less  immunoreactive  radioactive  material  is re- 
leased  into the culture  medium;  (6)  more  immunoprecipitable 
material is found  in the islets;  and ( e )  the total of recoverable 
immunoprecipitable  material  decreases. 

It is to  be  expected that release of labeled  insulin  would 
decrease  with  decreasing  glucose  concentration  and  that  there 
would  thus  be  more  radioactive  insulin  remaining  in  the  islets. 
But  what  is  striking  about  these  results  is that there  is a 
decrease  in  the  total  recoverable  labeled  insulin.  Any  such 
loss of labeled  insulin  must  occur  by either intra-  or  extracel- 
lular  degradation. 

Direct  demonstration  and  quantification of insulin  degra- 
dation  within  islet  cells  is  only  possible  from the above  results 
if it  can  be  excluded  that a significant  amount of insulin  is  lost 
by  extracellular  degradation  (in  the  culture  medium  during 
the chase  period).  Insulin  degradation  in  the  culture  medium 
was  assessed  by the addition of semisynthetically  labeled 
insulin to the culture  medium  at the start of t h e  24-h  chase 
period  using  islets that had  been  preincubated for 3 days  in 
the  presence of unlabeled  leucine (see "Methods"). It was 
found that only 6% of the added  insulin  was  degraded  during 
24 h and that the  percentage of degradation  was  not  affected 
by  varying the glucose  concentration. 

In  addition to studying  degradation  in the medium,  the 
possibility  was  examined that there may  have  been  uptake, 
and  subsequent  degradation, of the exogenous  labeled  insulin 
by the islets. To study  this  possibility,  islets  (again  after 
exposure  for 24 h to  semisynthetic  [,'H]insulin)  were  spun 
through  an oil layer  to  separate  them  from the culture  medium 
and  to  wash  them  rapidly  (14).  Although  some  radioactivity 
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TABLE I 
Total immunoreactive  insulin  content of islets  and insulin 

accumulation in  the culture  medium 
Total, immunoreactive  insulin  in  islets  and  culture medium was 

measured by radioimmunoassay at the end of a 3-day  incubation 
(during  which islets had been labeled), and a second,  1-day, incuba- 
tion. All results are expressed as the mean f S.E. The number of 
independent  observations is  shown  in parentheses. 

Incubation Glucose Islets Culture medium 
r n M  nglislet 

3-day  labeling  8.3  21.3 f 0.9 (32) 46.8 f 2.3 (22) 

was found associated with'the islets, after  correction  for  the 
extracellular space,  no significant uptake of the [:'Hlinsulin 
could be detected  (data  not  shown).  Since  the loss of labeled 
insulin  from the  culture  system could not be accounted  for by 
extracellular  degradation,  it is concluded that  the loss occurs 
by degradation of insulin  within the islet cells prior  to  its 
release. 

We have so far only  considered the  fate of the radioactively 
labeled  insulin stores. I t  was  also  felt to be of interest  to 
determine  whether  there was any  detectable loss of insulin 
when total,  nonradioactive insulin  was measured by radioim- 
munoassay. The  same islets and  culture  media  as assayed in 
Fig. 1 for  immunoprecipitable labeled  insulin  were thus also 
assayed for  total  immunoreactive insulin. The  results  are 
shown  in Table 1. The  immunoreactive insulin content of the 
islets,  in marked  contrast  to  the  immunoprecipitable labeled 
insulin content, was not  decreased  during  the 24-h chase 
incubation  relative  to  the  content found at  the  end of the 3- 
day  preincubation period. With  respect  to insulin  release into 
the  culture  medium,  there was an  increase with  increasing 
glucose concentration, 16.7 mM glucose stimulating release 7- 
fold relative  to 2.8 mM glucose. At 8.3 r n ~  glucose, the glucose 
concentration used during  the 3-day  labeling  period,  insulin 
release was intermediate (-3-fold stimulation  relative  to 2.8 
mM glucose). 

When  the  total recoverable immunoreactive insulin is con- 
sidered  (islets plus culture  medium),  it is clear,  for all glucose 
concentrations  studied,  that  there is a net  increase  relative  to 
the insulin content of the islets at  the  start of the 24-h chase 
incubation.  Thus,  intracellular insulin degradation  appears  to 
be counterbalanced  and  indeed outweighed by insulin  biosyn- 
thesis even a t  2.8 mM glucose. The  apparent discrepancy 
between these  results  and  those found for radioactively la- 
beled insulin  (Fig. 1) is to be  expected  since the labeled  insulin 
stores  are  not being  replenished under  the  conditions used  for 
the  chase  incubations (also, see below). 

It  can be seen in Fig. 1, that  when  the  total recoverable 
radioactive  insulin following a chase at  16.7 mM glucose was 
compared with the initial content of the  culture  system at  the 
start of the  chase period (that of the  3-day labeled islets), 
there is no significant loss. Thus,  under  these conditions, there 
is apparently  no  intracellular insulin degradation.  The most 
likely explanation for the lack of degradation is that  it is due 
to  the increased  release of labeled material from the islets 
evoked  by the  elevated glucose concentration. An alternative 
explanation could be that in the presence of  16.7  mM glucose, 
insulin  biosynthesis would be greatly  stimulated (15) and  that. 
in turn,  there may  be  increased recycling of ["Hlleucine. 
Although no labeled amino acid is present in the  medium 
during  the  chase period, some would be  expected to be gen- 
erated by degradation of labeled protein (including insulin). 
The ["Hlleucine generated  intracellularly in this fashion could 

then be reincorporated  into newly synthesized  insulin. If this 
were the case, it  should be  reflected  in the  ratio of labeled 
proinsulin to insulin in  the islets at  the  end of the  chase 
period. Under conditions where no recycling of labeled  leucine 
occurred,  essentially no labeled  proinsulin would be  left  in the 
islets  since it would have been converted  to insulin  within the 
first few hours of the  chase period  (16). When  the  immuno- 
precipitable  radioactive material in  islets at  the  end of the 3- 
day  labeling  period  was  analyzed  for  proinsulin and insulin 
(see  "Methods"),  it was  found that  approximately 10% was  in 
the form of proinsulin. In  marked  contrast,  no labeled  proin- 
sulin  was detectable in  islets after a 24-h chase in the presence 
of  16.7 mM glucose. An additional  experiment suggesting the 
absence of recycling of ["Hlleucine  was  performed by carrying 
out  the 24-h chase in the presence of  20  mM leucine, 2.8 mM 
glucose. Since  the leucine concentration in DME medium is 
0.8  mM, the  addition of  20  mM leucine represents a  consider- 
able isotopic  dilution of any newly generated ["Hlleucine 
during the  chase period. In  addition, 20 mM leucine stimulates 
both insulin  biosynthesis and release  (17) and would thus be 
expected to mimic the effects of high glucose. This, indeed, is 
what was found. The islet content of labeled  insulin after a 
24-h chase in the presence of  20 mhl leucine, 2.8 mM glucose 
was 83% of that found  with 16.7 m~ glucose, and  the labeled 
insulin  released into  the  medium was 111% of the 16.7 mM 
glucose value. These two control  experiments show that  there 
is no significant  reutilization of ["Hlleucine  during the  chase 
incubation and,  thus,  that  the lack of degradation observed at  
high glucose is most probably due  to increased  labeled insulin 
release  from the islets. 

In  addition  to showing that labeled  insulin may indeed  be 
degraded  within  islet cells, and  that  such  degradation  is less 
pronounced  when  insulin  release is stimulated,  the  data also 
show that a  significant amount of labeled  insulin is degraded 
even when the islets are  not  perturbed by  a change in glucose 
concentration.  When islets are prelabeled  in the presence of 
8.3 mM glucose, and  this glucose concentration  is  maintained 
during the  subsequent  chase period, 16%  of the labeled stores 
was released and 25% degraded (Fig. 1). Thus, loss of labeled 
insulin  from the islets due  to  intracellular  degradation  is more 
pronounced than  that  due  to release of labeled  insulin. 

The  method used  in this  study only considers degradation 
of prelabeled  insulin stores, since it  can be assumed  that 
shortly  after  the initiation of the  chase period, the bulk of the 
labeled  immunoprecipitable material will be  found in ,L?-gran- 
ules (i.e. the  stored form of insulin)  (16). The  mechanism by 
which stored insulin is degraded is most probably by granu- 
lolysis, via a lysosomal pathway, commonly  referred to  as 
crinophagy (7-9, 18). An alternative  pathway could be disso- 
lution of the insulin crystal in the  P-granule, followed by 
proteolytic  degradation. It will be interesting, in subsequent 
studies,  to  determine  whether newly synthesized  proinsulin is 
degraded before transfer from the Golgi apparatus  to  the 
granule. 

In conclusion, stored insulin is degraded by islet cells in 
significant amounts.  This  result implies that  the level of stored 
insulin  in the  pancreas is controlled by three principal path- 
ways: insulin  biosynthesis, degradation,  and release. It  can be 
envisaged that  any  disruption in the  balance between the 
absolute  rates of these  three  pathways will lead to profound 
changes  in pancreatic insulin content, in turn affecting glucose 
homeostasis in uiuo. Further  studies  are  required  to  determine 
the  absolute  rates of the  three  pathways.  In  particular,  it 
should be noted  that previous estimates of the  rate of insulin 
production which, to  date,  have  not  taken  into  account  the 
possibility of significant  insulin destruction,  require re-evalu- 
ation. 
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