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Abstract
Obesity and type 2 diabetes (T2D) are two prevalent chronic diseases that have become a major
public health concern in industrialized countries. T2D is characterized by hyperglycemia and islet
beta cell dysfunction. Glucagon-like peptide 1 (GLP-1) promotes β cell proliferation and
neogenesis and has a potent insulinotropic effect. Leptin receptor deficient male rats are obese and
diabetic and provide a model of T2D. We hypothesized that their treatment by sustained
expression of GLP-1 using encapsulated cells may prevent or delay diabetes onset. Vascular
smooth muscle cells (VSMC) retrovirally transduced to secrete GLP-1 were seeded into
TheraCyteTM encapsulation devices, implanted subcutaneously and rats monitored for diabetes.
Rats that received cell implants showed mean plasma GLP-1 level of 119.3±10.2 pM that was
significantly elevated over control values of 32.4±2.9 pM (P<0.001). GLP-1 treated rats had mean
insulin levels of 45.9±2.3 ng/ml that were significantly increased over control levels of 7.3±1.5 ng/
ml (P<0.001). In rats treated before diabetes onset elevations in blood glucose were delayed and
rats treated after onset became normoglycemic and showed improved glucose tolerance tests.
Untreated diabetic rats possess abnormal islet structures characterized by enlarged islets with β-
cell infiltration and multifocal vacuolization. GLP-1 treatment induced normalization of islet
structures including a mantle of β-cells and increased islet mass. These data suggest encapsulated
transduced cells may offer a potential long term treatment of patients.
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Introduction
Obesity and type 2 diabetes (T2D) are two prevalent chronic diseases that have become a
major public health concern in industrialized countries affecting at least 16 million people in
the United States alone (1). T2D is characterized by hyperglycemia, islet beta cell
dysfunction, insulin resistance, hyperglucagonemia, and increased hepatic glucose
production. By the time T2D patients present with hyperglycemia, both insulin resistance
and β-cell dysfunction are usually present (2). At the present time there are no singly
effective treatments for T2D. Tight blood glucose control is required to delay or prevent the
onset of late complications that are debilitating and associated with five-fold overmortality
(3). Diabetes mellitus increases the risk for hypertension and associated cardiovascular
diseases that include coronary, cerebrovascular, renal and peripheral vascular disease (4).

Glucagon-like peptide-1 (GLP-1) is produced by intestinal enteroendocrine L cells, is
secreted in response to food ingestion and is a regulator of insulin secretion (5). GLP-1 is
produced by posttranslational processing of proglucagon in intestinal L cells and secreted in
two biologically active forms, GLP-1 (7-36) amide and GLP-1 (7-37). GLP-1 has
pleiotropic biological and clinical effects that have importance for T2D patients. These
include stimulation of glucose-dependent insulin secretion, insulin biosynthesis, β cell
proliferation and neogenesis and inhibition of β cell apoptosis (5). In both humans and
rodents infusion of GLP-1 has been shown to normalize blood glucose and to reduce post-
prandial blood glucose excursions (5). However, because of the extremely short circulating
half life, continuous 24 hour per day infusion was required. GLP-1 delivery to diabetic
mouse, rat and non-human primate models has been shown to have short term beneficial
effects (5).

The congenic DR.lepr-/lepr- rat is a model of obesity-associated gender-dependent diabetes
(6). The onset of diabetes is rapid in the males while only the females are diabetes resistant.
The animals progress from normoglycemia to hyperglycemia within a week and histological
analyses of DR.lepr-/lepr- rat pancreas indicates the presence of enlarged islets with β-cell
infiltration and multifocal vacuolization compared with DR.+/+ rats (6). We hypothesized
that treatment of these rats by sustained GLP-1 expression may increase islet mass and delay
diabetes onset or reverse hyperglycemia. We chose to investigate vascular smooth muscle
cells as vehicles for GLP-1 delivery because we have shown this cell type will allow
sustained expression of retrovirally transduced genes in rodents, dogs and primates (7-11).
The encapsulation of GLP-1 secreting cells in an immunoprotective device circumvents the
side-effects of immunosuppressants.

Materials and methods
Transduction of rat vascular smooth muscle cells (VSMC)

To obtain GLP-1 expression we constructed an expression plasmid designated LhIL-GLP-1-
SN and generated amphotropic pLhIL-GLP-1-SN retrovirus using PA317 packaging cells
(12). We transduced, selected and cloned Wistar rat VSMC and a clone giving hormone
expression of 72.8pM GLP-1 per 107 cells per 24 hrs. and was used in all implantation
experiments (12).

Subcutaneous implantation of bioisolator devices into leptin receptor deficient rats
Leptin receptor deficient rats were bred at the University of Washington (6,13). 40μl (4.5cm
× 1cm × 2mm) TheraCyte Bioisolator devices obtained from TheraCyteTM Inc. Irvine, CA
were loaded with 107 transduced VSMC and implanted subcutaneously in anesthetized
DR.lepr-/lepr- rats (11,12). Control rats received mock surgery consisting of anesthesia,
subcutaneous incision, pocket dissection and wound closure without implantation of a
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bioisolator device. All animal procedures were performed under approved protocols and in
accordance with ethical guidelines by the Institutional Animal Care and Use Committee
(IACUC) at the University of Washington.

Diagnosis of diabetes, glucose and weight monitoring
Starting at 35 days of age, all rats were monitored daily by weight and starting at 37 days of
age daily blood glucose was monitored using a blood glucose meter (Ascencia Contour,
Bayer, Leverkusen, Germany). Diabetes was diagnosed when blood glucose levels exceeded
200mg/dL on two consecutive days. DR.+/+ normal control rats, untreated DR.lepr-/lepr- rats
and GLP-1 treated DR.lepr-/lepr- rats were monitored and did not receive exogenous insulin.

Insulin and GLP-1 assays
For insulin assays 0.2 ml of blood was collected into EDTA containing tubes. Plasma was
separated and stored at −20°C. For GLP-1 levels, 0.2 ml of blood was collected into EDTA
containing tubes with the addition of 5μl of DPP-4 inhibitor (Linco Research Inc., Missouri)
and plasma was separated and stored at −20°C. ELISA was used to measure insulin (Crystal
Chem Inc, Illinois) and GLP-1 (Linco Research Inc, Missouri) levels.

Pancreas histology
Pancreatic tissue was subjected to staining using insulin and glucagon specific antibodies for
the identification of islet β and α cells respectively (12). Pancreata were fixed in 10%
paraformaldehyde/PBS and embedded in paraffin and sections were stained with
hematoxylin and eosin and immunostained using guinea pig anti-insulin (Dako), or a murine
monoclonal anti rat glucagon antibody (Sigma), followed by biotinylated secondary
antibody, ABC-Elite (Vector Laboratories, Burlingame CA) and 3,3′-diaminobenzidine.

Intraperitoneal glucose tolerance test (IPGTT)
Untreated DR.lepr-/lepr- rats, GLP-1 treated DR.lepr-/lepr- rats and DR+/+ wild type rats were
fasted for 6-8 h and injected IP with a 2.8M glucose solution to receive 2.5g glucose/kg.
Blood glucose levels were determined at base-line (fasting) and at 30, 60 and 120 min by
tail-vein puncture and Accu-check glucose meter.

Statistical analysis
Data were expressed as means± SEM, and evaluated by Student’s t test. Significance was
determined as P <0.01

Results
Delivery of encapsulated VSMC expressing GLP-1 to DR.lepr-/lepr- rats before diabetes
onset

Two DR.lepr-/lepr- rats received implants containing 107 transduced cells at 44 days of age
before diabetes onset and were serially monitored for weight and blood glucose (Fig. 1).
Untreated DR.lepr-/lepr- control rats showed elevated blood glucose starting at 55 days of age
and became hyperglycemic by 59 days of age (Fig. 1A). Blood glucose levels of
DR.lepr-/lepr- rats before onset were 114.6±1.7 mg/dl (n=2) and were significantly elevated
post onset at 278.6±14.1 mg/dl (n=2) P<0.001. An untreated DR.lepr-/lepr- rat that was a
littermate of the two treated rats showed elevated blood glucose levels at 52 days of age
(Fig. 1A, open black diamond). In contrast, GLP-1 treated rats showed blood glucose levels
of 123.1±3.0 mg/dl (n=2) that were elevated over preonset levels of 114.6±1.7 mg/dl
(p=0.04) that was maintained for 73 days of age, beyond the time of diabetes onset of
untreated control rats (Fig. 1A). Although the blood glucose levels of GLP-1 treated
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DR.lepr-/lepr- rats were above normal they were controlled and were not considered
hyperglycemic. By 30 days of age untreated DR.lepr-/lepr- rats showed weight gain above
DR.+/+ control rats that increased through the study period up to 75 days of age (Fig. 1B).
The weight gain of a DR.lepr-/lepr- rat that was a littermate control of the treated rats and
were housed together to receive the same access to food, showed the same weight increases
(Fig. 1B open black diamond). The pre-onset delivery of GLP-1 caused significantly less
weight gain in comparison to untreated DR.lepr-/lepr- rats (Fig. 1B). Over the period of 48 to
72 days of age, the mean weight of GLP-1 treated rats was 376.8±7.9 g (n=2) and untreated
403.4±6.5 g (n=3), p=0.005. This is probably a result of a satiety signal mediated by GLP-1
expression. In contrast, over the period of 48 to 72 days of age, normal untreated DR.+/+ rats
showed weights of 274.8±32.6 g that was statistically significantly less than untreated or
GLP-1 treated DR.lepr-/lepr- rats (P<0.001) (Fig. 1B). In our statistical analysis we did not
include weight and blood glucose values for the 3 days immediately following implant
surgery because of the effects of surgery and to allow the encapsulated cells to stabilize
within the device. These data suggest the use of encapsulated cells to deliver GLP-1 before
the onset of diabetes will delay, or even prevent the onset of diabetes and reduce weight
gain.

Delivery of encapsulated VSMC expressing GLP-1 to DR.lepr-/lepr- rats after diabetes onset
Single Theracyte devices seeded with 107 transduced cells were implanted subcutaneously
into three ad libitum fed male DR.lepr-/lepr- rats after diabetes onset defined as blood glucose
levels exceeding 200mg/dL on two consecutive days (Fig. 2). Two rats received
encapsulation devices at 64 days of age (red symbols) and one at 73 days of age (blue
symbol). As noted above, untreated male DR.lepr-/lepr- rats show elevations of blood glucose
at about 50 days of age and by 65 days of age were hyperglycemic (Fig. 2A). In GLP-1
treated rats the blood glucose levels decreased after surgery and became in the normal range
three days after cell implantation, probably reflecting the time for vascularization of the
devices to give cell-mediated GLP-1 delivery. Reduced blood glucose was observed for up
to 121 days (Fig. 2A). The mean blood glucose levels of GLP-1 treated rats were 115.2±4.3
mg/dl (n=3) and these were not significantly different from the blood glucose levels of
DR.lepr-/lepr- rats before diabetes onset of 114.6±1.7 mg/dl (n=2) (p=0.92). To investigate the
duration of the effect of GLP-1 expression on blood glucose we removed the encapsulation
devices from two treated rats 27 days after they were implanted (Fig. 2A red symbols).
Although blood glucose levels became elevated to a mean of 160.7±46.1 mg/dl (n=2) (Fig.
2A open red symbols) they did not return to the hyperglycemic levels of >350 mg/dl
recorded before surgery (Fig. 2A). Hypoglycemia was not detected in any of the treated rats
and this was anticipated from the known glucose regulated action of GLP-1 (5,14,15).

The treated rats showed an initial weight loss that we believe resulted from the appetite
suppressant properties of GLP-1 (Fig. 2B). The two rats that received encapsulated cells on
64 days of age had a mean weight of 427.5±5.5 g (n=2) over the 67-87 days of age
following implantation and this was significantly reduced from the mean weight of
495.2±3.5 g ( n=3) P<0.0001 of untreated DR.lepr-/lepr- rats over the same time period (Fig.
2B). The DR.lepr-/lepr- rat that received encapsulated cells at 73 days of age lost weight and
over the period of 77-97 days of age had a mean weight of 460.5±4.0 g that was
significantly less than the mean weight of 527.7±2.2 g (n=3) recorded for untreated
DR.lepr-/lepr- control rats over the same age period (P<0.001). After this period of weight
loss the weights of the GLP-1 treated DR.lepr-/lepr- rats approached and then exceeded that of
untreated DR.lepr-/lepr- animals and this may be due to increased well being and return of
appetite that resulted from their blood glucose levels being in the normal range.
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Plasma GLP-1 and insulin levels
Plasma GLP-1 levels in untreated DR.lepr-/lepr- rats ranged from 25.5 to 39.5 pM with a
mean of 32.4±2.9 pM (n=4) and after implant surgery GLP-1 levels were significantly
elevated and ranged from 94.0 pM to 144.5 pM with mean of 119.3±10.2 pM (n=5)
(P<0.001). The levels of GLP-1 before surgery were within the normal range for rats (16).
At sacrifice, 17 days after device removal from a GLP-1 treated DR.lepr-/lepr- rat (Fig. 1)
plasma GLP-1 level was 34.5 pM, similar to GLP-1 levels before treatment. These data
show significantly elevated GLP-1 levels in plasma of rats receiving encapsulated cells
(P<0.001) and also a return to baseline level after device removal. Normal rat insulin levels
were 1-5 ng/ml and untreated male DR.lepr-/lepr- rats had insulin levels between 2.9 and 12.1
ng/ml with a mean of 7.3±1.5 ng/ml (n=5) as we have previously reported (6). GLP-1
treated DR.lepr-/lepr- rats had insulin levels ranging from 38.6 to 51.4 ng/ml with a mean of
45.9±2.3 ng/ml (n=6) that were significantly increased over untreated DR.lepr-/lepr- rats
(P<0.001). Insulin levels of two GLP-1 treated rats 17 days after implant removal remained
elevated with a mean of 38.3 ng/ml.

Intraperitoneal glucose tolerance tests
As a measure of the effect of GLP-1 treatment on glucose metabolism we performed glucose
tolerance tests on DR.+/+ normal control rats, GLP-1 treated and untreated DR.lepr-/lepr- rats
(Fig. 3). Rats were fasted for 8 hours before intraperitoneal glucose administration. Wild
type DR.+/+ control rats showed increased blood glucose levels at 30 mins after glucose
administration that returned to baseline by one hour (Fig. 3). untreated DR.lepr-/lepr- rats
showed elevated blood glucose levels of 350-450 mg/dl that became elevated to >650 mg/dl
after glucose administration and then gradually became reduced to an average of 550 mg/dl
by 120 mins (Fig. 3). In contrast, GLP-1 treated DR.lepr-/lepr- rats showed blood glucose
levels in the normal range after 8 hours fast that were increased to about 400 mg/dl levels at
30 mins after glucose administration and then reduced to 250 mg/dl at 60 mins and after 2
hours were at 200 mg/dl (Fig. 3). These data showed GLP-1 treated rats were able to
metabolize the administered glucose at rates that, although not normal, were greatly
improved over untreated DR.lepr-/lepr- rats.

Insulin and glucagon staining of pancreatic tissue
Pancreatic sections from DR.+/+ control, untreated and GLP-1 treated DR.lepr-/lepr- rats were
stained for insulin and glucagon (Fig. 4). The pancreas shown was from a GLP-1 treated rat
17 days after removal of implant (Fig. 1). The untreated DR.+/+ control rat showed insulin
staining β-cells (Fig. 4A) and, as is typical of rodents, glucagon staining β cells around the
periphery (Fig. 4D). However, in the untreated DR.lepr-/lepr- rats insulin staining islets were
enlarged (Fig 4B) and this has been previously reported for untreated DR.lepr-/lepr- rats (6).
Pancreatic sections from untreated DR.lepr-/lepr- rats stained for glucagon showed α-cells
infiltrating throughout the islet α-cells (Fig. 4E). Most notably, the DR.lepr-/lepr- rats treated
with GLP-1 showed islets that were without multifocal vacuolization with normal
morphology showing β-cells located on the islet periphery and were enlarged (Fig. 4C).
Pancreatic tissue from GLP-1 treated DR.lepr-/lepr- rats showed glucagon positive α cells
around the periphery of islets (Fig. 4F) and this is typical of wild type rat islets (Fig. 4D) and
different from untreated DR.lepr-/lepr- rats (Fig. 4F). Normalized pancreatic islet morphology
was observed in rats sacrificed with implant and those sacrificed 17 days after implant
removal and this is probably related to the long-lasting effects of GLP-1 on β cell
proliferation and neogenesis (17).
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Discussion
DR.lepr-/lepr- rats exposed to sustained GLP-1 before the onset of diabetes did not become
hyperglycemic for up to 73 days of age whereas untreated rats showed elevations of blood
glucose that by 60 days of age had increased to levels >400 mg/dl. DR.lepr-/lepr- rats treated
before diabetes onset showed reduced weight gain as has been observed in GLP-1 treated
ZDF rats (16,18) and is ascribed to the appetite suppressant properties of GLP-1 (5).
Although treated rats were obese the subcutaneous localization of Theracytes did not
prevent vascularization and GLP-1 secretion. Our data show that constitutive expression of
GLP-1 will delay the onset of diabetes in the DR.lepr-/lepr- rat and is also associated with a
statistically significant reduced weight gain. Blood glucose levels of DR.lepr-/lepr- rats treated
after diabetes onset decreased immediately after surgery and became in the normal range
three days after cell implantation, probably reflecting the time for vascularization of the
devices to give cell-mediated GLP-1 delivery and this has been reported for implants of
transduced cells expressing erythropoietin (11). In treated diabetic rats blood glucose levels
were in a normal range without hypoglycemia, probably because GLP-1 induced increase in
islet insulin secretion is inactive during normoglycemia (5). This property of GLP-1
suggests that glucose regulated GLP-1 expression may not be necessary and introduces a
safety factor in constitutive, unregulated GLP-1 secretion by cell therapy. However, GLP-1
has effects on tissues other than pancreas, such as brain, heart and stomach and their
exposure to long term expression of GLP-1 may be detrimental (5).

Normal rat insulin levels were 1-5 ng/ml and untreated male DR.lepr-/lepr- rats had mean
insulin levels of 7.3±1.5 ng/ml as we have previously reported (6). GLP-1 treated
DR.lepr-/lepr- rats had mean insulin levels of 45.9±2.3 ng/ml that probably resulted from their
increased islet mass that resulted in more normal glucose tolerance tests. Pancreatic tissue
from untreated DR.lepr-/lepr- rats showed disorganization of islets with dispersed glucagon
staining α-cells, as has been reported for other rat models of T2D (16,19). The α-cell
infiltration has been ascribed to persistent hyperglycemia (16,19). However, after GLP-1
treatment pancreas tissue from GLP-1 DR.lepr-/lepr- rats showed enlarged islet mass with
normal morphology and normal peripheral distribution of glucagon secreting α cells (20).

In summary, the subcutaneous implantation of transduced allogeneic cells in Theracyte™
encapsulation devices is a safe and simple procedure, provided sustained delivery of GLP-1
and did not require immunosupression. In treated diabetic and obese rats the normalization
of islet structure mediated by GLP-1 led to normoglycemia, improved glucose tolerance and
weight control.
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Fig 1. Male DR.lepr-/lepr- rats receiving encapsulated VSMC secreting GLP-1 before onset of
diabetes
Two GLP-1 treated DR.lepr-/lepr- rats (red and blue closed circles) and three untreated
DR.lepr-/lepr- rats (open black symbols) were monitored for blood glucose (A) and weight
(B). One untreated DR.lepr-/lepr- control rat (open black diamond) was a littermate of the two
treated rats. Implant surgery was at 44 days of age before diabetes onset (red arrow).
Untreated DR.+/+ control rats were monitored for blood glucose (A) and weight (B) black
closed symbols.
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Fig 2. Male DR.lepr-/lepr- rats receiving encapsulated VSMC secreting GLP-1 after onset of
diabetes
Treated (closed colored symbols) and untreated (black open symbols) rats were monitored
for blood glucose (A) and weight (B). After diabetes onset two rats received implants at 64
days of age (red symbols, red arrow) and one at 73 days of age (blue symbol, blue arrow).
Theracyte implants were removed from two rats at 91 days of age (black arrow head) and
subsequent blood glucose and weights are shown as open colored symbols.
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Fig 3. IPGTT of DR.+/+ wild Type, GLP-1 Treated and Untreated DR.lepr-/lepr- rats
Fasted rats received glucose (2.5g/kg) IP and blood glucose was monitored for 2 hours.
Untreated DR.lepr-/lepr- rats (n=3, open square); GLP-1 treated DR.lepr-/lepr- rats (n=2, closed
circle); DR wild type rats (n=4, open diamond). Mean and standard error are shown.
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Fig 4. Pancreas tissue from wild type DR.+/+, untreated and treated DR.lepr-/lepr- rats
Untreated control wild type (A, D); untreated DR.lepr-/lepr- rat (B, E); GLP-1 treated
DR.lepr-/lepr- rat (C, F). Pancreas sections were stained for insulin (A, B, C) or glucagon (D,
E, F). Pancreas from treated DR.lepr-/lepr- rats was obtained 17 days after implant removal.
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