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ABSTRACT 
A goal of diabetes therapeutics is to 

deliver agents that target insulin secreting 
pancreaticβ-cells with high specificity while 
leaving other cells unaffected.Linkingtwo ligands 
for two different receptors promotes binding to 
cells expressing the complementary receptors, 
thereby increasing the specificity for the target 
cells. Both Glucagon LikePeptide 1 (GLP-1) and 
Cholecystokinin (CCK) receptors are expressed on 
the surface of pancreatic β-cells. A ligand 
composed of GLP-1 linked to CCK-6 was 
produced and evaluated for its effect on β-cell 
insulin secretion. Acombination of unlinked 
monomers activates insulin secretion at 100 nM in 
the absence of stimulatory glucose, an effect 
similar to CCK alone. However, the GLP-1/CCK-
6 dimer potentiated glucose stimulated insulin 
secretin (GSIS) at low concentrations with higher 
sensitivity than the combined monomers.These 
findings suggest that the GLP-1 effect on 
GSIS(potentiation) is retained in the bivalent 
ligand, but the CCK effect may be attenuated or 
shifted in efficacy. The observed enhanced 
sensitivity topotentiateGSIS indicates that the 
binding affinity of the GLP-1/CCK-6 is increased 
via bivalent interactions as expected. Since 
bivalent binding requires the expression of both 
complementary receptors, this also suggests that 
the GLP-1/CCK-6 may have enhanced specificity 
for β-cells. 
 
INTRODUCTION 
 GLP-1 is a hormone that enhances insulin 
secretion from the pancreatic β-cells, inhibits 
glucagon secretion of pancreatic α cells, and 
thereby helps fine-tune the regulation of blood 
glucose levels. CCK is a hormone synthesized and 
released from the gastrointestinal system that helps 
to stimulate digestion of fats and proteins. Certain 
forms of CCK (CCK-8) have been shown to 
increase insulin secretion1. Both the GLP-1 and 
CCK receptors are G-protein coupled receptors 
that initiate signal cascades within the cell once 
the ligands binds. 

A unique approach to modulating cell 
responses via ligand receptors is to link multiple 
ligands together; our lab has demonstrated that 
linking of two ligands that bind to two different 

types of receptors will promote binding only to 
cells that express both receptor types, and 
therefore can be used to increase the specificity of 
targeting to these cells2. One application for these 
so-called multivalent ligands is related to the 
targeting and potential therapy of pancreatic β-
cells, especially during loss of function that occurs 
in diabetes patients3.  

Hart et al. demonstrated that 
heterobivalent ligand linking of an active GLP-1 
fragment to glibenclamide (a ligand for the 
sulfonylurea receptor, SUR) was able to increase 
the effectiveness of insulin secretion in pancreatic 
β-cells. The basis behind this experiment is that 
the GLP-1 receptors and SUR1 receptors are both 
found as a combination on the pancreatic β-cells, 
but not on other cell types; allowing this 
experimental therapeutic agent to target the 
pancreatic β-cells, leaving other cells unaffected.  

The overall goal of my research project 
was to analyze the activity of another Glucagon 
Like Protein 1 analog that is purportedly targeted 
pancreatic β cells. This was done by developing 
and testing the efficacy of a GLP-1/CCK dimer, 
which is a combination of active fragments of each 
protein. The GLP-1 fragment consisted of: [Phe12, 
Arg36] 7-36 GLP-12. The CCK fragment was a 
modified version of CCK-4, with the methionine 
replaced with norleucine, an isomer of leucine4. 
The 2 ligands were connected with 2 atoms of 
polyethylene glycol. To perform these studies, I 
first needed to use sterile cell culture to propagate 
insulin-secreting β-cells in multi-well plates for 
use in evaluating the effects of the GLP-1/CCK 
analog on insulin secretion from these β-cells.  
 
EXPERIMENTAL PROCEDURES 

INS 832/3 Cultures. Cells were cultured in 
T-75 flasks in RPMI-1640 R6504 from Sigma-
Aldrich, 23.8 mM NaHCO3, 5.5 mM glucose, 
1mM C3H3NaO3, 10 mM HEPES, 50 uM BME, 
pH 7.4, filter sterilized through 0.22 uM filter, 
completed with 10% FBS and 1% Pen/Strep. Cells 
were passaged when confluent using Trypsin, 
either being split into 2 new T-75 flasks or plated 
into 24 well plates.  

Media and Solutions. The standard 
incubation solution for secretion studies was 
Hank’s Balanced Salt Solution (HBSS) 5mM KCl, 



	  

	  

0.3mM KH2PO4, 138 mM NaCl, 0.2mM NaHCO3, 
0.3 mM Na, 20mM HEPES, 1.3 mM CaClz•2H2O, 
0.4 mM MgSO4•7H2O, pH 7.4, filter sterilized 
through 0.22 uM filter. For low glucose conditions 
(1mM glucose) the concentration of the ligand 
within the stock solution was twice the target 
concentration. High glucose conditions (15mM 
glucose) ligand solutions were made using 30 mM 
glucose HBSS, with the concentration of the 
ligand within the solution again twice the target 
concentration. The final required concentration 
was attained by adding 250 uL of ligand solution 
to 250 uL of 1 mM glucose HBSS that was in the 
cell culture well. This also made the final 
concentration of the high glucose conditions 
15mM glucose, a stimulatory level of glucose. 

Insulin Assays. INS 832/35 cells were 
seeded in a 24-well plate (~600,000 cells per well) 
and allowed to reach confluence for at least 48 
hours, but no more than 72 hours. One the cells 
were confluent, the 5.5 mM glucose RPMI was 
replaced with 1 mM RPMI (RPMI-1640 R6504 
from Sigma-Aldrich, 23.8 mM NaHCO3, 1.0mM 
glucose, 1mM C3H3NaO3, 10 mM HEPES, 50 uM 
BME, pH 7.4, filter sterilized through 0.22 uM 
filter, completed with 10% FBS and 1% 
Pen/Strep) -- low glucose conditions -- at least 18 
hours before the experiment. The 1mM RPMI 
media was replaced with 1mM glucose HBSS, and 
incubated for 40 minutes at 37°C and 5.0% CO2. 
After the first incubation 1.250 mL of media was 
removed from each of the wells, and 250 uL the 
ligand solutions was added to each well. The 
ligand solutions incubated for 80 minutes at 37°C 
and 5.0% CO2. At the end of the 80-minute 
incubation, 250 uL was collected from each well 
and placed in a 1.5 mL centrifuge tube on ice. The 
tubes were the centrifuged at 10000 RPM for 3 
minutes at 4°C, and 200 uL of supernatant was 
collected and placed in a fresh tube. These tubes 
were then stored in an -80°C freezer, until a Rat 
High Range Insulin ELISA could be performed on 
the samples. 

Rat High Range ELISA. For the measuring 
of insulin within the samples, the Rat High Range 
Insulin ELISA, Catalog Number: 80-INSRTH-E10 
distributed by ALPCO was used. The procedure 
provided by ALPCO was followed with a few 
changes6. 5 uL of standard were used for the 
standard curve, but 20 uL of the samples were 
added to each well instead of 5 uL due to 

variability with pipetting low volumes and our 
insulin concentrations being on the lower end of 
the standard curve. The provided controls were not 
utilized to preserve space within the plates. Once 
the TMB substrate is added to the plate, the plate 
was placed in a dark drawer and was static for the 
15-minute incubation period for assays completed 
from October through December of 2015. If a 
sample was high out of range, the sample was 
diluted in glucose-free HBSS not the zero 
standard. The plates were read using a plate reader 
and SoftMax Pro software. 
 
RESULTS 

At low concentrations (< 100 nM), both 
the GLP-1/CCK6 Dimer (Dimer) and a 
combination of GLP-1 and CCK-6 monomers 
(Monomers) had minimal effect on insulin 
secretion at non-stimulatory glucose (1 mM). 
There may have been a small increase in insulin 
secretion for the dimer over basal insulin secretion 
but at no concentration between 1 and 10nMwas 
there a significant difference (Figure 1). However, 
at 100nM, both the combination ofMonomers and 
the GLP-1/CCK induced significant increases in 
insulin secretion, though the response to the dimer 
was only about 50% of that seen with the 
combination of monomers. Moreover, the 
monomers elicited a response equivalent to that 
observed with 100 nM CCK alone, indicating the 
absence of a GLP-1 effect at basal glucose.  

Similar to what was observed at basal 
glucose, monomeric CCK6+ GLP-1 did not have a 
significant effect on glucose stimulated insulin 
secretion until their concentrations were raised to 
100 nM. Conversely, a significant potentiation of 
GSIS was observed in the presence of 10 nM 
GLP-1/CCK6 dimer. Therefore, in the presence of 
stimulatory glucose, GLP-1/CCK6 
potentiatedGSIS with a higher sensitivity; i.e., 
with an EC50 = 1.14 nM, whereas the combined 
monomers exhibit an EC50 = 33.9. The sensitivity 
plot (Figure 3) shows that the dimer curve is 
shifted to the left compared to the combined 
monomers, as well as reaching a maximum 
effective concentration at around 70% of the 
maximum insulin secretion effected by the dimer.  
Once again, at the maximum concentration studied 
(100 nM), the combined monomers potentiate 
GSIS by at least twice the magnitude as that 
elicited by the dimer. Thus, the monomers have a 



	  

	  

greater effect on the maximal insulin secretion, but 
the pancreatic β cells show a high sensitivity to the 
dimer. 
 
DISCUSSION 
 At concentrations below 200 nM, the 
GLP-1/CCK Dimer had little effect on baseline 
insulin secretion; i.e., at low glucose (1 mM) ,. 
Although the GLP-1 effect is known to be 
glucose-dependent, it was possible that the CCK 
within the dimer might activate secretion in the 
absence of glucose. Clearly this is not the case. 
This property may allow the GLP-1/CCK6 to 
provide an ideal treatment for diabetes, because it 
lessens the potential for hypoglycemia, unlike the 
sulfonylurea treatments that are not glucose 
dependent7. The combined Monomers had a larger 
effect on insulin secretion than the dimer, in the 
low glucose conditions with the 100 nM of 
Monomers having a 250% increase over the 
control condition lacking any ligands and a 76% 
increase over the same concentration of Dimers. 
The CCK by itself also showed a profound 
increase in insulin secretion (200% over the 
control well), suggesting the effect is solely due to 
the CCK moiety. Steric hindrance could explain 
why the Dimer shows much less activity then the 
Monomers and CCK by itself. The attachment of 
the linker and GLP-1 to the CCK-6 could be in an 
unfavorable position for the CCK-6 to bind to the 
receptor decreasing the effect of the Dimer on 
insulin secretion. 
 Under stimulatory glucose conditions 
(15mM glucose), the amount of insulin secreted by 
the cells increases by over 7 fold from the 1mM 
glucose condition. Although at the highest 
concentration of combined Monomers effect on 
insulin secretion was significantly greater than that 
observed for equimolar dimer, the GLP-1/CCK-6 
dimer potentiated GSIS at lower concentrations 
(EC50 = 1.14 nM); i.e., with a higher sensitivity 
than the combined monomers (EC50 = 33.9).  

 The Dimer having such an affect under 
stimulatory glucose, and not low glucose suggests 
that the effect of the CCK-6 within the bivalent 
ligand is being attenuated, while the GLP-1 is still 
able to have a large effect on GSIS in the bivalent 
form. The observed shift in sensitivity for 
potentiation of GSIS by the bivalent ligand 
suggests that the binding affinity has increased due 
to bivalent binding interactions that have been 
shown in previous work by Hart et al. For bivalent 
binding to be occurring, both complementary 
receptors need to be expressed on the surface of 
the cells, suggesting that the GLP-1/CCK-6 
bivalent ligand should show specificity to β-cells. 
 Within pancreatic β-cells GLP-1 has 
multiple effects. GLP-1 has the ability to rapidly 
stimulate insulin secretion, as well as promote 
insulin gene transcription, islet cell growth and 
neogenesis8. The initial response to the GLP-1 
binding to it receptor is the release of the insulin 
from the docked vesicles already at the cell’s 
surface. The true effect of GLP-1 is within the 
secondary response, which leads to the 
transcription of the insulin genes and islet cell 
growth. The measurements made using the Rat 
High Range ELISA are limited by the initial 
response, since the insulin is only measured at a 
single time point. This leads to a high variation in 
measurements, since each cell had different 
amount of insulin at the cell membrane in vesicles. 
Another possible limitation of the Dimer is the 
presence of a ligand bias. It has been shown that 
different ligands for the GLP-1 receptor are only 
able to elicit certain responses within the cell. It is 
very possible that our ligand is only affecting one 
part of the pathway, such a cAMP elevation, and 
that is causing the enhanced release of insulin, 
limiting the effect of the Dimer on the insulin 
secretion pathway. This means that our ligand 
could only be partially effective when binding to 
the pancreatic β-cells. Further studies are required 
to test the full downstream signaling potential of 
this interesting GLP-1/CCK dimer.
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Figure	  Legends	  
	  
Figure	  1:	  Effect	  of	  the	  ligands	  on	  insulin	  secretion	  under	  low	  glucose	  conditions	  [1mM	  
glucose].	  The	  data	  is	  normalized	  as	  a	  percent	  change	  from	  the	  1mM	  glucose	  control	  
containing	  now	  ligands.	  This	  was	  done	  by	  dividing	  each	  data	  point	  by	  the	  average	  
concentration	  of	  the	  2	  control	  wells	  for	  each	  experiment.	  
	  
Figure	  2:	  Effect	  of	  the	  ligands	  on	  insulin	  secretion	  under	  stimulatory	  glucose	  conditions	  
[15mM	  glucose].	  Data	  is	  expressed	  as	  absolutes,	  the	  averages	  of	  each	  condition	  from	  all	  4	  of	  
the	  experiments,	  except	  for	  the	  100	  nM	  Dimer	  that	  is	  an	  average	  of	  3	  experiments,	  due	  to	  
the	  1st	  experiment	  being	  high	  out	  of	  range.	  
	  
Figure	  3:	  	  Data	  from	  Figure	  2	  are	  plotted	  as	  a	  %	  of	  maximum	  response	  elicited	  by	  each	  of	  
the	  experimental	  groups	  (GLP-‐1/CCK	  vs.	  GLP-‐1	  +	  CCK).	  This	  plot	  allows	  for	  analysis	  of	  the	  
concentration	  at	  which	  half	  maximal	  activity	  is	  observed	  for	  each	  of	  the	  treatment	  groups.	  
As	  can	  be	  seen,	  although	  the	  maximum	  response	  is	  attenuated	  for	  the	  GLP-‐1/CCK	  compare	  
to	  its	  monomers	  in	  combination	  Figure	  2,	  the	  concentration	  at	  which	  half	  maximum	  
response	  is	  obtained	  is	  shifted	  significantly	  to	  the	  left	  indicating	  a	  higher	  affinity	  for	  
binding/activity.	   	  
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Figure	  1	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  2	  
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Figure	  3	  
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