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Summary Oral administration of insulin incorporated 
into the wall of isobutylcyanoacrylate nanocapsule to 
diabetic rats induces a long-lasting normalization of 
their fasting glycaemia. In this study, we examined 
the biological action of encapsulated insulin on DNA 
and glycogen syntheses in Chinese hamster ovary 
cells transfected with the human insulin receptor 
gene. In the 10 -11 mol/1 - 10 -9 mol/1 concentration 
range, encapsulated insulin elicited responses compa- 
rable to those induced by native insulin: at 10 -9 tool/l, 
the rates of glycogen and DNA synthesis were en- 
hanced by factors 3 and 2.5, respectively. Encapsula- 
ted insulin at 10 -7 mol/1 evoked receptor desensitiza- 
tion although it did not induce receptor down-regula- 
tion and did not alter receptor recycling for up to 6 h. 
Chloroquine decreased the action of native insulin 
on glycogen synthesis, but did not affect the dose-re- 
sponse characteristics of encapsulated insulin. Acid- 

washing of the cells after i h of stimulation decreased 
maximal insulin responsiveness and provoked a dose 
response curve for encapsulated insulin similar to 
that of the native hormone. Direct measurement of 
effective insulin binding activity showed that encap- 
sulated insulin (at 10 -s and 10 -7 mol/1) was withdrawn 
from the incubation medium 5-8 times less efficient- 
ly than native insulin. These data are in agreement 
with previous results showing that the polymeric wall 
protects encapsulated insulin from degradation. Per- 
sistence of intact encapsulated insulin inside and out- 
side the cell may result in modifying signalling events 
and thus be responsible for the observed cellular de- 
sensitization.[Diabetologia (1995) 38: 180-186] 
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Because patients have difficulty in accepting daily 
subcutaneous injections of insulin, many studies 
have been performed to find new types of insulin 
therapies e.g. bioartificial pancreas [1, 2], nasal [3] 
or rectal administration [4]. Among the new strate- 
gies in diabetes treatment, oral administration would 
appear to be the most convenient for patients. How- 
ever, the success of such a strategy depends on its ca- 
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pacity to protect insulin against proteolytic degrada- 
tion and on the ability of the peptide to pass through 
the intestinal mucosa. These conditions have been 
fulfilled by associating insulin to nanocapsules of 
isobutylcyanoacrylate [5, 6], a polymer which is bio- 
compatible and biodegradable [7, 8]. These spherical 
vesicles are constituted by a polymeric wall surround- 
ing an inner lipidic cavity. It has previously been 
shown that, after intragastric gavage with encapsula- 
ted insulin, streptozotocin-induced diabetic rats have 
their fasting glycaemia normalized for a period of 1 
to 3 weeks in a dose-dependent fashion [9]. In addi- 
tion, encapsulated insulin has a modified tissue distri- 
bution and a delayed urinary excretion [6]. 

More recently, we have demonstrated that the in- 
teraction of encapsulated insulin with insulin recep- 
tors in vitro is similar to that of native insulin with re- 
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gard to binding, negat ive  co-opera t iv i ty  and auto-  
phosphory la t ion  [10]. These  data  suggest tha t  the 
binding site of the h o r m o n e  is direct ly accessible to 
the receptor .  Ra tes  of  in ternal iza t ion were  very  simi- 
lar for  bo th  forms of  insulin. Howeve r ,  H P L C  anal- 
ysis of  nat ive or encapsu la ted  125I-insulin af ter  in- 
te rna l iza t ion  for  3 h showed  that  encapsu la ted  insu- 
lin is still p ro t ec t ed  against p ro teo ly t ic  degrada t ion  
inside the  cell. Assuming  that  this p rope r ty  could 
result  in biological  actions specific to encapsu la ted  in- 
sulin we examined  the  effects of  insulin on  the rates 
of  g lycogen and D N A  synthesis in Chinese  hamste r  
ovary  ( C H O )  cells t ransfec ted  with the h u m a n  in- 
sulin r ecep to r  gene.  This approach  may  help  to fur- 
ther  unders t and  the act ion of  encapsula ted  insulin in 
vivo. 

Materials and methods 

Preparation of nanocapsules. Nanocapsules were prepared by 
interracial emulsion polymerization of isobutylcyanoacrylate 
as previously described [9]. The final suspension of nanocap- 
sules contained 0.4 mg insulin/10 mg polymer/ml (6.7 x 10 4 
tool/l) and the rate of encapsulation was greater than 98 %. 
For control experiments, empty nanocapsules prepared using 
the same procedure but in the absence of insulin were coated 
with bovine serum albumin (BSA). Alternatively, nanocap- 
sules were prepared as above and inactivated by disulfide 
bond-reduction of insulin [11]. 

Cell culture. Chinese hamster ovary cells stably transfected 
with insulin receptor cDNA containing the alternatively 
spliced segment that corresponds to exon 11 (IR-CHO) were 
used (gift from E. Clauser, Paris, France). These cells possess 
about 5 • 105 insulin receptors per cell, as compared to about 
5 x 103 sites per cell for the untransfected CHO cells [12], and 
were grown in Ham's F12 medium supplemented with 10 % fe- 
tal calf serum (Gibco, Cergy-Pontoise, France) and with the 
neomycin analogue G418 (0.75 mg/ml) (Gibco). 

Glycogen synthesis. [14C]Glucose (Amersham, Aylesbury, UK, 
270 mCi/mmol) incorporation into glycogen was performed as 
previously described [13]: confluent IR-CHO cells were incu- 
bated with different concentrations of native or encapsulated 
insulin for 1 h in phosphate buffered saline (PBS) containing 
0.1% BSA, CaC12 0.1 g/1 and MgC12 0.1 g/1. [14C]Glucose was 
then added for 3 h. After incubation, cells were washed three 
times with ice-cold PBS, lysed with 30 % KOH and trans- 
ferred to glass tubes. The tubes were boiled for 30 rain and gly- 
cogen was precipitated overnight at -20 ~ with 2 mg of carrier 
glycogen and 2 volumes of ethanol. After centrifugation at 
3,000 g for 20 min, the precipitate was dissolved in water and 
radioactivity was counted. 

Glycogen synthesis was also determined by the same proce- 
dure in the presence of chloroquine (0.2 mmol/1). In another 
series of experiments, native or encapsulated insulin was re- 
moved from the plasma membrane after 1 hour by acid-wash- 
ing with CH3COOH (0.2 mol/l)-NaC1 (0.5 moll1) (pH = 6) be- 
fore the addition of [14C]glucose. 

DNA synthesis. [3H]Thymidine (Amersham, 130 Ci/mmol) in- 
corporation into DNA was performed as described by Le- 
conte et al. [13]. Cells were grown in 12-well plates until they 
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reached 2/3 confluence and were depleted for 48 h in serum- 
free F12 medium containing 0.1% BSA and 10 retool/1 HE- 
PES (pH = 7.4). Native or encapsulated insulin was added for 
16 h before a 45-min pulse with [3H]thymidine. Cells were wa- 
shed twice with 5 % trichloroacetic acid (TCA), solubilized in 
1N NaOH and neutralized with 12 N HC1. 

Down-regulation and recycling of the receptor. Confluent 
monolayers in 12-well dishes were deprived of serum for 24 h 
and then incubated with native or encapsulated insulin (10 -7 
mol/1) in Krebs-Ringer-HEPES (25 retool/l) buffer containing 
1% BSA, for various times at 37 ~ For the 20-h stimulation 
period, incubations were performed in serum-free Ham's F12 
medium. Incubations were stopped by washing in ice-cold 
Krebs-Ringer-HEPES buffer (pH = 7.4) followed by washing 
once with NaC1 (0.5 mol/1)-CH3COOH (0.2 tool/l) (pH = 4.5) 
for 5 min at 4 ~ and twice with PBS (pH = 7.4). 125Iqabelled 
insulin binding was then measured directly (down-regulation) 
or after a 30-min incubation at 37 ~ in the Krebs-Ringer-HE- 
PES buffer (recycling). Binding was performed overnight with 
125I(A14)-monoiodinated insulin (Amersham) (30-40,000 
cpm/well, final concentration 10 -l~ tool/l). Non-specific bind- 
ing was determined in parallel in the presence of insulin 10 4 
mol/1. Cells were then harvested in NaOH 0.2 N and radioac- 
tivity was counted. The results are expressed as the percent- 
age of 125I-labelled insulin binding in control cells. 

Binding assay after incubation with cultured cells. Confluent 
IR-CHO cells in 12-well dishes were incubated with native or 
encapsulated insulin (10 -7 and 10 -8 tool/l), or empty nanocap- 
sules at equivalent concentrations, in a Krebs-Ringer buffer 
(pH = 7.4). After various incubation periods, an aliquot of the 
incubation medium was tested for its ability to displace bind- 
ing of azsI-insulin to partially purified insulin receptors. Brief- 
ly, insulin receptors were solubilized from IR-CHO cells and 
purified by wheat germ agglutinin-agarose (E.Y labs., San Ma- 
teo, Calif., USA) chromatography [14]. Solubilized receptors 
were incubated overnight at 4 ~ with 125I-insulin (20,000 cpm/ 
assay) and aliquots of incubation medium in 50 mmol/1 HE- 
PES (pH = 7.6), 150 mmol/1 NaC1 containing 0.5 % BSA and 
0.05 % Triton X100. Bound insulin was measured after precipi- 
tation with polyethylene glycol [14]. Concentrations of active 
extracellular hormone were deduced from control competi- 
tion curves performed in parallel. 

Results 

Effect o f  encapsulated insulin on glycogen and D N A  
synthesis. U n d e r  our  exper imen ta l  conditions,  nat ive 
and encapsula ted  insulin el ici ted ident ical  st imulato- 
ry effects on  rates of  g lycogen and D N A  synthesis in 
the 10 -11 mol/1 to 10 .9 mol/1 concen t ra t ion  range.  Gly- 
cogen and D N A  synthesis were  enhanced  by  factors 3 
and 2.5 respect ive ly  at 10 -9 tool/1 (Fig. 1). A t  the con- 
cen t ra t ion  of 10 -8 mol/1, nat ive insulin increased bo th  
glycogen and D N A  synthesis 4.5-fold, whereas  the ef- 
fect  of  encapsula ted  insulin appea red  to level  off. Na-  
t ive insulin 10 -7 mol/1 induced  a maximal  5.5-fold and 
five fold increase in g lycogen and D N A  synthesis re- 
spectively. In  contrast ,  10 -7 mol/1 encapsu la ted  insu- 
lin had no  s t imulatory  effect  on  glycogen synthesis, 
and induced  only a 1.8-fold increase in incorpora t ion  
of  [3H]thymidine. Such biphasic dose- response  
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Fig.1. (A, B) Effects of native (O) and 
encapsulated (ll) insulin effects on (A) 
glycogen synthesis and (B) cellular growth 
of IR-CHO cells. (A) IR-CHO cells were 
stimulated for 4 h and the incorporation 
of [14C]glucose (5 mmol/1, 2 ~tCi/well) into 
glycogen was measured during the last 3 h 
of stimulation. All points were determin- 
ed in triplicate and represent the means + 
SD of three experiments on three differ- 
ent cultures. (B) IR-CHO cells were stim- 
ulated with native or encapsulated insulin 
for 16 h. Incorporation of [3H]thymidine 
(0.5 FCi/well) was performed during the 
last 45 min of stimulation. All points were 
determined in triplicate and represent 
means _+ SD of five experiments on five 
different cultures. Results are expressed 
as factors of stimulation compared to non- 
treated cells. Differences between native 
and encapsulated insulin *p < 0.05; 
**p < 0.01 (unpaired Student's t-test) 

curves for encapsulated insulin are atypical. Their 
main feature is a decrease of hormone responsive- 
ness at the higher doses, which is already apparent 
af te r  a 4-h s t imula t ion  for  g lycogen  synthesis.  

This d e c r e a s e d  respons iveness  to e n c a p s u l a t e d  in- 
sulin was not  r e l a t ed  to toxic  effects  o f  the  po lymer ;  
l ight m i c r o s c o p y  showed  no  m o r p h o l o g i c a l  cel lu lar  
a l terat ions,  and  cell coun t ing  r e v e a l e d  no  a p p a r e n t  
cell loss. In  addi t ion,  the  use  of  e m p t y  nanocapsu le s  
coa t ed  with  e x o g e n o u s  B S A  or  p r e p a r e d  with  re-  
duced  insulin did no t  change  the  basa l  i n c o r p o r a t i o n  
of  r ad io labe l l ed  p recu r so r s  (920 + 180 c p m  in the  ab-  
sence  c o m p a r e d  to 930 + 175 c p m  in the  p r e s e n c e  of  
the  p o l y m e r  for  i n c o r p o r a t i o n  of  [~4C]glucose; and  
470 + 155 c p m  in the  absence  c o m p a r e d  to 480 + 95 
c p m  in the  p r e s e n c e  of  the  p o l y m e r  for  i n c o r p o r a t i o n  
of  [3H]thymidine) .  F u r t h e r m o r e ,  co - incuba t ion  of  
e m p t y  B S A - c o a t e d  nanocapsu le s  wi th  na t ive  insulin 
did no t  a l te r  the  dose  r e s pons e  curve  for  g lycogen  
synthesis  (da ta  no t  shown).  

Down-regulation and recycling of the receptor. The 
d e c r e a s e d  r e sponse  of  I R - C H O  cells at h igher  con-  

cen t ra t ions  of  encapsu l a t ed  insulin m a y  be  due  to al- 
t e r a t ion  in in t race l lu lar  rou t ing  of  the  r e c e p t o r  a f te r  
in ternal iza t ion.  To test  this possibility, r e c e p t o r  inter-  
na l iza t ion  and  down- regu la t i on  were  m e a s u r e d  in 
I R - C H O  cells. Na t i ve  or  encapsu la t ed  insulin did 
n o t  induce  down- regu la t i on  unde r  our  condi t ions  
(Table  1) a f te r  6 h incubat ion.  Very  little if any  recep-  
tor  recycl ing occur red  with  b o t h  na t ive  and  encapsu-  
la ted  insulin which a p p e a r s  to be  a charac ter i s t ic  of  
insulin r ecep to r s  e n c o d e d  by  the  c D N A  conta in ing  
exon  11 [15]. A f t e r  20 h of  incuba t ion  in the  p r e sen ce  
of  encapsu l a t ed  insulin, a l though  the  n u m b e r  of  sur- 
face  r ecep to r s  was difficult  to  assess prec ise ly  be-  
cause  of  high var iabi l i ty  b e t w e e n  exper iments ,  no sig- 
nif icant  d i f fe rence  was found  b e t w e e n  na t ive  and  en- 
capsu la t ed  insulin. 

Glycogen synthesis in the presence of chloroquine. We 
have  p rev ious ly  shown  tha t  encapsu la t ed  a25I-insulin 
is la rgely  in tact  (85 % as c o m p a r e d  to 25 % for  na t ive  
insulin) a f te r  3 h in te rna l iza t ion  in I R - C H O  cells [10]. 
The  b iphas ic  ef fec t  of  encapsu l a t ed  insulin m a y  thus 
be  r e l a t ed  to d i f fe rences  in in t racel lu lar  degrada t ion .  

Table 1. Down-regulation and recycling of the receptors in IR-CHO cells in the presence of native or encapsulated insulin 

Insulin Encapsulated insulin 

after after after after 
internalization recycling internalization recycling 

15 min 84% +8 93% +7 76% +9 88% +5 
2h  87% + 10 91% +3 78% + 1 87% +2 
6h  87% _+8 88% +8 81% +2 79% + 1 
20h 90% +5 91% +3 81% +21 82% + 14 

IR-CHO cells were incubated in the presence or absence of na- 
tive or encapsulated insulin (10 -7 mol/1) for 15 min, 2, 6 or 20 h 
and then acid-washed. 125I-labelled insulin binding was per- 
formed as described in Materials and methods immediately or 
after allowing for the recycling of receptors. Results expressed 

as percentage of binding to control cells taken as 100 %. All as- 
says were done in duplicate and points are means + SD of 
three separate experiments. No significant differences were 
found according to Student's t-test 
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Fig. 2 A, B. Effects of chloro- 
quine on native (A) and encapsu- 
lated (B) insulin-stimulated gly- 
cogenesis. Experimental proce- 
dure as described in Figure 1A in 
absence (open symbols) or pres- 
ence (closed symbols) of chloro- 
quine (0.2 mmol/1). Results are 
expressed as factors of stimula- 
tion compared to non-treated 
cells. Each point was determined 
in triplicate and represents the 
mean +_ SD of two experiments on 
two different cultures 
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Fig. 3. Effects of native and encapsulated insulin on glycogen 
synthesis after dissociation of membrane-bound ligand. IR- 
CHO cells were pre-incubated for i h with native (O) or en- 
capsulated (I)  insulin and then acid-washed as described in 
Materials and methods. Incubation was then continued for 3 h. 
Incorporation of [lee]glucose was measured as described in 
Figure 1. All points were determined in triplicate and repre- 
sent the means + SD of three experiments on three different 
cultures. No statistical differences between native and encap- 
sulated insulin were found according to unpaired Student's t- 
test 

In order to examine this possibility, we used chloro- 
quine which is an inhibitor of endosomal degrada- 
tion and leads to accumulation of internalized insu- 
lin in intracellular vesicles. In the presence of chloro- 
quine, the maximal efficacy of native insulin was di- 
minished by a factor of 1.5. However,  encapsulated 
insulin elicited the same dose-response profile either 
in the absence or in the presence of chloroquine 
(Fig. 2). The fact that chloroquine decreased maxi- 

real native insulin stimulation of glycogen synthesis 
without altering the effect of encapsulated insulin in- 
dicates that a decrease of intracellular degradation 
may participate in the observed decrease of encapsu- 
lated insulin efficacy at high doses. 

Glycogen synthesis after acid-induced dissociation of  
the membrane ligand. Synthesis of glycogen was also 
examined after removal of bound ligand after 1 h of 
incubation by cell treatment at p H  6 (Fig.3). The 
maximal stimulation by native insulin was decreased 
by about 53 %, whereas the encapsulated insulin 
dose-response curve had a normal shape and was 
superimposable on that for native insulin. The desen- 
sitization induced by encapsulated insulin is thus fully 
reversible upon washing away the hormone. The ap- 
pearance of bell-shaped dose-response curves for en- 
capsulated insulin may thus be related to persistent 
occupation of the receptor. 

Assay of  insulin binding activity after incubation with 
cultured cells. These results led us to investigate the 
rate of disappearance of active insulin from the cul- 
ture medium by I R - C H O  cells at high ligand concen- 
trations. Since common methods for measurement  of 
insulin integrity (such as precipitation with trichlor- 
oacetic acid or radioimmunoassay) are not applica- 
ble in the presence of the polymer, we were obliged 
to use a binding assay, in which samples of the incuba- 
tion medium were used as competitors. Results of 
these experiments are shown in Figure 4. In each 
case, disappearance of effective native or encapsula- 
ted insulin was rapid, with more than 60 % of the hor- 
mone being lost after 5 min. Withdrawal was more ef- 
ficient at the low concentration of 10 -8 mol/1 for both 
types of insulin. Medium containing empty nanocap- 
sules had no effect at all times. The most striking re- 
sult was that native insulin clearly disappeared much 
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Fig.4. Determination of withdrawal of native or 
encapsulated insulin in IR-CHO cells medium. 
Native (open symbols) or encapsulated (closed 
symbols) insulin at i0 -7 mol/1 (O, O) and 
10 s mol/1 (V, Y) was incubated for up to 2 h with 
IR-CHO cells in culture dishes. An aliquot of the 
incubation buffer was taken at the indicated 
times, and was tested for its ability to displace 
125I-insulin binding to solubilized insulin receptors 
as detailed in Materials and methods. Results are 
expressed as effective concentration of insulin in 
the medium, and were determined from standard 
competition curves performed in parallel. All 
points were determined in duplicate and repre- 
sent the mean + SD of four different experi- 
ments. Differences between native and encapsu- 
lated insulin were significant (P < 0.05 or better) 
for both concentrations at all times tested (ac- 
cording to unpaired Student's t-test) 

Time of incubation (min) 

faster than encapsulated insulin from the incubation 
buffer at the two concentrations used, 10 -s tool/1 and 
10 _7 tool/1. This was already evident at early time 
points, and the difference be tween effective concen- 
trations of native and encapsulated insulin remained 
roughly constant throughout the experiment (5-8 
times more intact encapsulated insulin than native 
hormone).  At  10 -7 mol/1, encapsula ted  insulin ap- 
peared to stabilize on a plateau after a 30 min incuba- 
tion period. Together with our previous results [10], 
the present data suggest that native and encapsula- 
ted insulin are identically internalized, but  differ in 
their rate of degradation. Intact encapsulated insulin 
may then accumulate intracellularly or be recycled 
back into the extracellular medium or both. This 
would lead to persistent occupation and stimulation 
of receptors. 

Discussion 

It has previously been shown that encapsulated insulin 
normalizes fasting glycaemia for a long period after 
oral administration to streptozotocin-induced diabet- 
ic rats [9]. We have also recently examined the interac- 
tions be tween encapsulated insulin and the insulin re- 
ceptor in vitro and clearly demonstrated that this 
form of insulin is able to bind to insulin receptors and 
to stimulate receptor  autophosphorylation in a dose- 
and t ime-dependent  manner similar to that of native 
insulin. After  binding, encapsulated insulin is inter- 

nalized but differs from native insulin by its slow de- 
gradation inside the cell [10]. In view of these results, 
it has been postulated that encapsulated insulin is an 
original, long-lasting form of insulin which could gen- 
erate specific biological effects at the cellular level. 

In this report, we have compared the effects of na- 
tive and encapsulated insulin on glycogen and D N A  
synthesis in C H O  cells transfected with the human in- 
sulin receptor gene. The results show that in the 10 -11 
- 10 -9 mol/1 range, encapsulated insulin stimulated 
glycogen and D N A  synthesis in a similar manner to 
that of native insulin. At  higher concentrations, re- 
sponses to encapsulated insulin decreased, generat- 
ing an atypical bell-shaped dose-response curve. Al- 
though such biphasic dose-response curves are not 
common, they have been described for other signal- 
ling systems, even for insulin-sensitive systems [16, 
17]. Mechanisms underlying the generation of these 
biphasic responses are poorly understood. In the.pre- 
sent study, the biphasic dose-response curve does not 
result from toxic effects of the polymer. Nor is it ap- 
parently due to the overexpression of insulin recep- 
tors in the cells used here since similar bell-shaped 
dose-response curves were found on rat adipocytes, 
expressing normal amounts of insulin receptors, for 
the stimulation of glucose transport by encapsulated 
insulin (data not shown). 

The observed loss of responsiveness to higher dos- 
es of encapsulated insulin might be explained by the 
phenomenon of cellular desensitization. Different 
and possible combinations of mechanisms of desensi- 
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tization of insulin receptors have been described; 
these involve either intracellular routing (internali- 
zation and down-regulation), alterations of insulin- 
receptor functions, or alterations in intracellular 
pathways [18, 19]. 

We have previously shown that the in vitro proper- 
ties of encapsulated insulin are identical to those of 
the native hormone with regard to receptor binding 
and kinase activation [10]. Labelled encapsulated in- 
sulin (at-~ 10 -l~ mol/1) was internalized in IR-CHO 
cells to a similar extent as for the native hormone. 
The main difference was that encapsulated insulin re- 
mained essentially intact after 3 h [10]. In the present 
study, we investigated whether the observed anoma- 
lous dose-response curves for encapsulated insulin 
could be related to its less pronounced intracellular 
degradation. First, the accumulation of intact insulin 
inside cells may alter internalization, recycling and 
down-regulation of the receptors. Assay of cell-sur- 
face receptors after incubation with 10 -7 mol/1 insulin 
or encapsulated insulin showed no differences for up 
to 20 h (Table 1), indicating that internalization and 
down-regulation were not altered. Chloroquine, an 
inhibitor of endosomal degradation, decreased the ef- 
fect of native insulin without affecting the dose-re- 
sponse characteristics of encapsulated insulin. In ad- 
dition, decreasing the occupation of cell-surface re- 
ceptors by acid-washing of the cells restored glyco- 
gen synthesis at high concentrations of encapsulated 
insulin to levels similar to those obtained with the na- 
tive hormone. These results show that the observed 
desensitization produced by encapsulated insulin is 
probably not related to alterations in intracellular 
routing of the receptor, but is apparently due to the 
persistence of non-degraded insulin when it is encap- 
sulated. To further investigate this hypothesis, we stu- 
died the disappearance of both forms of insulin from 
the incubation medium. In this experiment, we mea- 
sured the overall disappearance of available insulin, 
which resulted from different mechanisms: cell-sur- 
face degradation, internalization and intracellular de- 
gradation and non-specific binding. At the two con- 
centrations used, 10 -s mol/1 and 10 -7 mol/1, results 
clearly showed that encapsulated insulin disap- 
peared far less than native insulin from the incuba- 
tion buffer. Again, this observation was not due to 
use of transfected cells, since very similar results 
were obtained with wild-type CHO cells, which have 
been shown to actively metabolize insulin [20] (data 
not shown). These results lend further support to the 
idea that, while it is biologically active, encapsulated 
insulin is protected from proteolytic degradation by 
the polymer. This has already been shown by its pro- 
tection from proteolysis in vitro [6], and HPLC analy- 
sis of encapsulated 125I-insulin after internalization in 
IR-CHO cells [10]. 

It appears that the observed atypical bell-shaped 
dose-response curves of glycogen synthesis stimula- 
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tion by encapsulated insulin do not involve altera- 
tions in intracellular routing of insulin receptors in 
the present study. The persistence of extracellular 
and possibly intracellular hormone seems to be of 
prime importance in the decreased responsiveness in- 
duced by encapsulated insulin. The subcellular locali- 
zation and intracellular fate of non-degraded encap- 
sulated insulin remain largely unknown, and we can- 
not exclude that the modified hormone is recycled 
with or without its receptor. This could explain the 
apparent plateau for the effective concentration of 
encapsulated insulin at 10 -7 mol/1 after 30 min, and 
could also be involved in the desensitization process. 
Nevertheless, the fact that responsiveness of encapsu- 
lated insulin at 10 -8 tool/1 is already decreased, while 
its concentration in the medium after 2 h remains 
less than that of normally active insulin 10 -7 mol/1 
(Fig.4), suggests that intracellular accumulation of 
undegraded encapsulated insulin is important for the 
desensitization phenomenon. Whatever the case, per- 
sistent occupation of insulin receptors by intact en- 
capsulated insulin may activate regulatory mecha- 
nisms leading to the observed desensitization of the 
hormone biological effects. 

How are the present findings related to the long- 
lasting effect of encapsulated insulin on glycaemia 
observed in diabetic rats? It has previously been 
shown that the degradation of the polymer is not a 
prerequisite for the action of insulin, since encapsu- 
lated insulin binds directly to insulin receptors, and 
that internalized encapsulated insulin is ,slowly de- 
graded [10]. These results suggested that the poly- 
mer does not hinder binding to its receptor and that 
it protects insulin from intracellular proteolytic de- 
gradation. In the present report, we have shown that 
encapsulated insulin at physiological concentrations 
stimulates glycogen and thymidine synthesis in an 
identical way to native insulin. The desensitization 
observed for higher concentrations of encapsulated 
insulin is most probably related to its lower degrada- 
tion, which yields a further argument for the protec- 
tion of insulin by the polymer in cells. It has been 
shown that the duration of the effect of encapsula- 
ted insulin in vivo depends more on the insulin/poly- 
mer ratio rather than solely on the amount of insulin 
[9, 21]. The degradation of the polymer could modu- 
late insulin activity by modifying the concentration 
of insulin available for degradation. Thus, the long 
lasting action of encapsulated insulin in vivo could 
be explained by the slow degradation of insulin, 
which in turn depends on the degradation of the 
polymer. Also, the cellular desensitization induced 
by higher concentrations of encapsulated insulin 
may explain why its normoglycaemic effect in the 
rat is delayed by about 2 days after oral administra- 
tion [9]. 

In conclusion, we have shown that encapsulated 
insulin is a long-lasting form of insulin, the biological 
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act ion of  which at the  cel lular  level  is similar to tha t  
of  nat ive  insulin in the physiological  10 -11 - 10 -9 tool/  
1 concen t ra t ion  range,  in cells t ransfec ted  with insu- 
lin r e c e p to r  c D N A .  A t  h igher  concentra t ions ,  cellu- 
lar desensi t iza t ion occurs  in response  to in t racel lular  
and extracel lu lar  accumula t ion  of  insulin. The  desen-  
si t ization is a l ready  evident  for  re la t ively  short  peri-  
ods of  s t imulat ion (4 h for  g lycogen synthesis),  and is 
apparen t ly  no t  r e la ted  to r e cep to r  in ternal iza t ion  
and down-regula t ion .  Pers i s tence  of  intact  encapsula-  
ted  insulin inside and outs ide the cell m a y  p r o v o k e  a 
b lockade  in signal t ransmission and thus be  responsi-  
ble for  the obse rved  cel lular  desensi t izat ion.  
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