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Agonists of growth hormone-releasing hormone (GHRH) have been
previously reported to promote growth, function, and engraftment of
islet cells following transplantation. Here we evaluated recently
synthesized GHRH agonists on the proliferation and biological
functions of rat pancreatic -cell line (INS-1) and islets. In vitro treat-
ment of INS-1 cells with GHRH agonists increased cell proliferation,
the expression of cellular insulin, insulin-like growth factor-1 (IGF1),
and GHRH receptor, and also stimulated insulin secretion in response
to glucose challenge. Exposure of INS-1 cells to GHRH agonists,
MR-356 and MR-409, induced activation of ERK and AKT pathways.
Agonist MR-409 also significantly increased the levels of cellular AAMP
and the phosphorylation of cCAMP response element binding protein
(CREB) in INS-1 cells. Treatment of rat islets with agonist, MR-409
significantly increased cell proliferation, islet size, and the expression
of insulin. In vivo daily s.c. administration of 10 pg MR-409 for 3 wk
dramatically reduced the severity of streptozotocin (STZ)-induced di-
abetes in nonobese diabetic severe combined immunodeficiency
(NOD/SCID) mice. The maximal therapeutic benefits with respect to the
efficiency of engraftment, ability to reach normoglycemia, gain in body
weight, response to high glucose challenge, and induction of higher
levels of serum insulin and IGF1 were observed when diabetic mice
were transplanted with rat islets preconditioned with GHRH agonist,
MR-409, and received additional treatment with MR-409 posttrans-
plantation. This study provides an improved approach to the therapeu-
tic use of GHRH agonists in the treatment of diabetes mellitus.
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nvestigations over the several past decades have explored islet

transplantation as an alternative approach to restoration of glucose
homeostasis in type-1 diabetes (1-3). The generation of functional
insulin-producing cells in vitro also provided a promising source for
cell-based therapy (4). Chronic long-term graft survival and islet
function are critical issues in transplantation. Numerous studies have
reported efforts to improve the survival of islets by preventing the
loss of islet cell viability and function during and following trans-
plantation. Strategies to robustly condition pancreatic islets, which
include promotion of cell growth and metabolic functions, are par-
ticularly important (5-7).

Growth hormone (GH), and various growth factors such as IGF1,
glucagon-like peptide (GLP-1) were studied for their ability to stim-
ulate proliferation and survival of pancreatic § cells (8-11). Hypo-
thalamic growth hormone-releasing hormone (GHRH) stimulates
production and release of GH from the pituitary gland, exerts some
of its effects through the GH/IGF axis, and also directly affects
extrapituitary cells expressing GHRH receptors by activating these
receptors. GHRH receptor(s) have been detected in various tumor
cells, stem cells, and other tissues including pancreatic p cells (12-16).
Understanding the action of GHRH on its target cells is important
for potential application in the use of synthetic GHRH analogs, with
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prolonged half-lives, which may provide a promising pharmacologic
therapy in various fields. For example, it has been reported that
human GHRHJ(1-44)NH2] can stimulate insulin secretion from
isolated rat islets in vitro (17). Recently, our group demonstrated
that synthetic GHRH analog, JI-36, improves f-cell survival, growth,
and metabolic function, in vitro. Pretreatment with JI-36 also im-
proves the engraftment and the metabolic function of islets following
transplantation to STZ-induced diabetic mice (12). GHRH agonist,
JI-38, has been shown to have a cardioprotective effect after myo-
cardial infarction, and to accelerate wound healing (14, 18). In view
of these findings of stimulatory effects of GHRH agonists of the JI
series, still more potent analogs of GHRH(1-29) have been de-
veloped in our laboratory (19). The analogs, designated as “MR
series,” display higher endocrine potencies on in vivo GH release
and greater binding affinity to GHRH receptor, compared with JI
class GHRH analogs. Among these agonists, MR-356 and MR-409
exhibit the highest potency in activating myocardial repair in rats
with induced myocardial infarction and efficiently stimulate self-
renewal and promote the survival of porcine cardiac stem cells (15).

Significance

Improved therapeutic strategies for transplantation of pan-
creatic islet cells to selected patients with type-1 diabetes are
urgently needed. Growth hormone-releasing hormone (GHRH)
agonists to influence growth, function, and engraftment of
islet cells were previously reported by us. This study demon-
strates greater stimulation by improved GHRH agonists, on
proliferation, gene expressions, and the signaling pathways in
pancreatic p cells. Agonist MR-409 in vivo reduced the severity
of streptozotocin-induced diabetes in nonobese diabetic severe
combined immunodeficiency mice. Transplantation of rat islets
preconditioned in vitro with MR-409 and its administration
in vivo promoted growth, function, and engraftment of ex-
ogenous islets, supporting the use of GHRH agonists in type-1
diabetes. The beneficial effects of GHRH agonists on the
functions of p cells may also provide approaches to their ap-
plication in type-2 diabetes.
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Agonist MR-403 has been shown to augment pancreatic p-cell
proliferation and promote the survival of pancreatic islets following
transplantation into adrenal gland (13).

To evaluate the efficacy and the utility of the GHRH agonists of
MR series on pancreatic f cells in comparison with previously
reported JI-36, we tested eight agonists of the MR series with re-
spect to cell proliferation and metabolic function of rat INS-1 cells, a
well-established cell line that displays characteristics of pancreatic
cells (20, 21). We demonstrated that at least three signaling path-
ways are involved in the action of GHRH agonists on INS-1 cells.
To further explore the beneficial effect of GHRH agonist in vivo,
additional approaches for treating diabetic mice were investigated.
We demonstrated the effects of GHRH agonist, MR-409, in the
treatment of nonobese diabetic severe combined immunodeficiency
(NOD/SCID) mice, and in diabetic mice transplanted with rat islets
preconditioned with MR-409. Our findings suggest the merit of
further investigation of the agonistic analogs of GHRH in the
management of cell replacement therapy in diabetes mellitus.

Results

Stimulatory Effect of GHRH Agonists on Viability and Proliferation of
INS-1 Cells. Eight GHRH agonists were tested for their effects on
INS-1 cell proliferation. These agonists of the MR series were cat-
egorized into three groups based on their chemical structures (19).
Analogs MR-356, MR-361, and MR-367 with C-terminal agmatine
belonged to group 1; MR-404, -406, -409, and -410 with C-terminal
methyl amide to group 2; and MR-502 with C-terminal Gab to
group 3. As shown in Fig. 1, treatment of INS-1 cells with these
GHRH agonists stimulated cell viability by 10-40% over control at
all concentrations tested. MR-502, -356, and -410 displayed signifi-
cantly greater activities than previously reported GHRH agonist
JI-36. In the cell proliferation assay as measured by BrdU
incorporation, MR-356 and MR-409 showed greater stimulatory
effect than JI-36 (Fig. S14). Further, cell proliferation stimulated by
GHRH agonist, MR-356, could be inhibited by GHRH antagonist,
MIA-602 (Fig. S1B), indicating the specificity of the agonist. Simi-
larly, MIA-602 also reversed the cell proliferation induced by MR-
361, MR-367, and MR-502.

Effect of GHRH Agonists on the Expression of Insulin, IGF1, and GHRH
Receptor in INS-1 Cells. To evaluate the effect of GHRH agonists on
the expression of insulin, IGF1 and GHRH receptor in rat INS-1 cells,
three agonists, MR-356, MR-409, and MR-502, were selected, one
from each structural group, and compared with JI-36. The cells were
treated with 500 nM agonists for 48 h. As shown in Fig. 24, treatment
of INS-1 cells with agonists of this class resulted in a 20-50% increase
of cellular insulin by mRNA (RT-PCR) or peptide levels (ELISA),
relative to control. Of the three agonists MR-409 displayed the
greatest capability to stimulate mRNA for insulin (148.9 + 5.9%).
Exposure of INS-1 cells to MR-356, MR-409, or MR-502 also slightly
(10-30%) increased the mRNA for IGF1. Secretion of IGF1 in cells
treated by MR-409 was also augmented (155.2.9 + 6.8%, Fig. 2B).
Moreover, expressions of GHRH receptor by both mRNA and pro-
tein measures was increased 20-30% in cell exposure to MR agonists
(Fig. 2C). All three MR agonists showed similar effects on target gene
expression as did JI-36 (Fig. 2.4-C). Moreover, MR-409 appeared to
have greater potency than the others. Treatment with GHRH agonists
also resulted in elevated insulin release upon high glucose challenge
(Fig. 2D). Both MR-409 and MR-502 had significantly greater stim-
ulatory effects compared with JI-36 (P < 0.05).

Stimulation of Secretion of Vascular Endothelial Growth Factor in INS-1
Cells Treated with GHRH Agonist MR-409. Fig. 2E demonstrates that
agonist MR-409 enhances the secretion of vascular endothelial
growth factor (VEGF). Upon exposure to 500 nM MR-409 for 48
and 72 h, the levels of VEGF in the culture media increased 53.6 +
4.7% and 32.9 + 1.8%, respectively (P < 0.001).

Phosphorylation of ERK, AKT, and cAMP Response Element Binding Protein

in INS-1 Cells Treated with GHRH Agonists. To evaluate the effect of
GHRH agonists, MR-356 and MR-409, on major signaling pathways
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Fig. 1. Effect of GHRH agonists on INS-1 cell viability. INS-1 cells were
treated with either MR agonists or JI-36 at concentrations indicated. Total
numbers of viable cells were measured at 72 h of treatment using CellTiter
96 aqueous one solution cell proliferation assay and calculated as relative
percentage of the control.

related to cell proliferation and survival, the phosphorylation of ERK
and AKT in agonist-treated INS-1 cells was analyzed. As shown in
Fig. 34, ERK phosphorylation (p-ERK/ERK) increased by 65.0 +
14.0% and 41.6 + 6.6%, respectively, after cells were exposed to
1 pM of either MR-356 or MR-409 for 30 min. This treatment also
led to 26.5 + 14.4% and 18.8 + 5.6% increases, respectively, in AKT
phosphorylation (p-AKT/AKT). Both PD98059 (25 uM) and wort-
mannin (0.5 pM) significantly inhibited cell proliferation induced by
MR-409 (59.2 + 1.8% and 79.0 + 1.7%, respectively, Fig. 3B), in-
dicating the involvement of signaling transduction through both ERK
and AKT pathways. Furthermore, exposure of cells to 1 pM MR-409
for 30 and 60 min increased intracellular levels of cAMP by 21.63 +
1.5% (P < 0.05), and 99.1 + 14.9% (P < 0.05), respectively (Fig. 3C).
Simultaneously, phosphorylation of downstream cAMP response
element binding protein (CREB) at Ser-133 (p-CREB/CREB) was
also increased 29.0 + 3.0% (P < 0.05) and 95.9 + 14.9% (P < 0.001),
respectively (Fig. 3D).

Stimulation of the Proliferation of Rat Islets with GHRH Agonists. We
also tested the effect of GHRH agonists on the proliferation of
freshly prepared rat islets. As shown in Fig. S24, GHRH agonists,
MR-356 and MR-409, significantly increased proliferation of cells in
the rat islets preparations (157.1 + 17.1% and 140.6 + 11.7%, re-
spectively). RT-PCR analysis indicated that the treatment signifi-
cantly enhanced the expression of cellular insulin levels (194.0 +
4.5% and 181.7 + 2.7% for MR-356 and MR-409, respectively, Fig.
S2B). For preconditioning of islets before transplantation, isolated
rat islets were cultured with 1 pM agonist MR-409 for 2 d. There
was a reduction of total numbers of islet particles (IPN); however,
no relevant differences were otherwise seen between control and
agonist-treated islets, (69.9% + 5.5% vs. 74.4 + 5.3%, respectively,
Fig. S2C). Exposure of isolated islets to MR-409 greatly enhanced
the growth of islets; the ratio of islet equivalents/islet particle
number (IEQ/IPN) increased 42.5 + 1.1% (P < 0.01, Fig. S2D).

Beneficial Effects of GHRH Agonist MR-409 in Vivo on Nontransplanted,
Otherwise Untreated NOD/SCID Mice. Agonist MR-409 was evaluated
for the in vivo treatment of streptozotocin (STZ)-induced NOD/
SCID mice. The s.c. administration of MR-409 at 10 pg/day for 3 wk
dramatically reduced the severity of their diabetic status. The treated
group (T) had a higher survival rate and less severe diabetic status
compared with the control group (C). There were seven animals in
each group; however two animals from the C and one from the T
group died at around 1 wk of treatment. In the 4th wk, animals in
group C started to deteriorate and by the end of week 5, only one
survived (Fig. S34), whereas all six animals in the group T were alive
through the end of the experiment (45 d). The improved survival rate
in the T group was correlated with less severe hyperglycemia. De-
termination of blood glucose showed a slight reduction in group T
during the first week of treatment, a minor increase by the end of the
2nd, and thereafter remained unchanged (Fig. S3B). Mice remained
hyperglycemic with an average glucose of 506.0 + 9.1 and 509.5 +
7.42 mg/dL (n = 6) in the 3rd and 4th wk, respectively. In the control
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Fig. 2. Effect of GHRH agonists on expression of insulin, IGF1, GHRH receptor,

VEGF, and glucose-stimulated insulin secretion. INS-1 cells were exposed to
500 nM GHRH agonists or respective control medium for 48 h. The expression
levels of messenger RNA for (A) insulin, (B) IGF1, and (C) GHRH receptor, are
shown as percentages of the control. In addition, the protein levels of (A) in-
tracellular insulin, (B) secreted IGF1, and (C) GHRH receptor, are also shown in
parallel. A representative Western blot image for GHRH receptor is shown.
(D) Insulin secretion in response to high glucose (17 mM) stimulation; *P < 0.05.
(E) Elevated VEGF secretion from MR-409-treated INS-1 cells. All data were
calculated from three individual experiments.

group, average blood glucose levels increased gradually; the levels of
554.8 + 10.0 and 578.6 + 3.63 mg/dL (n = 5) in the 3rd and 4th wk,
respectively, were significantly higher than those of the treated group
(P < 0.001). Blood samples collected at the end of 3-wk treatment
showed no obvious difference between groups C and T for serum
insulin (C, 0.342 + 0.020 ng/mL; T, 0.348 + 0.066 ng/mL), serum
IGF1 (C, 641.7 + 16.1 ng/mL; T, 652.0 + 13.0 ng/mL), or serum GH
(C, 3493 + 2.083 ng/mL; T, 4.119 + 0.825 ng/mL).

Beneficial Effects of GHRH Agonist MR-409 on NOD/SCID Mice Transplanted
with Rat Islets. Following islet transplantation influence of GHRH
agonist, MR-409, on engraftment and other effects of rat islets was
further evaluated in STZ-induced NOD/SCID mice. Animals were
divided into three groups (Materials and Methods). Animals trans-
planted with rat islets treated with vehicle were designated as group
C. In general, animals transplanted with islets preconditioned with
MR-409 (group M, preconditioned only; and group M + T, pre-
conditioned plus also treated in vivo with 10 pg MR-409 per day for
3 wk) performed better and showed a significantly improved engraft-
ment rate (animals became normoglycemic). At day 28, the en-
graftment rates of either group M + T (7/7, 100%), or group M (4/5,
80.0%) were much higher than those of control (3/7, 42.9%). Aver-
age blood glucose levels were monitored for 4 wk and are shown in
Fig. 44. Animals in group M + T became normoglycemic within 9 d
following transplantation. The treatment for animals in group M + T
was most effective in the control of blood glucose (Fig. 4B). From
week 2 to week 4 blood glucose levels in group M + T remained
significantly (P < 0.001) lower than those of control. A significant
relief of hyperglycemia was also observed between group M versus
group C during the 3rd and 4th wk (P < 0.01). These results suggest
that maximally improved outcomes result from the use of MR-409
preconditioned islets and then continuing administration of MR-409
posttransplantation. In the 4th wk, blood glucose levels in group M +
T dropped to 96.21 + 4.9 mg/dL, which was lower than that in group
M (154.6 + 32.9 mg/dL, P < 0.05) and also even lower than that of
nondiabetic mice (147.3 + 7.6 mg/dL, n = 25, P < 0.05).
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The body weight in each group increased steadily following
transplantation. The average body weights (mean + SEM) in the 4th
wk for groups C, M, and M + T were 24.56 + 0.62 g, 27.32 + 0.36 g,
and 27.05 + 0.25 g, respectively. Body weights in groups M and
M + T were significantly (P < 0.01) higher than those of control.
One month following transplantation, the islet-bearing left kidneys
were surgically removed from the animals. The animals became
hyperglycemia following nephrectomy. The survival rates, at day
7 after nephrectomy in groups M (60%;, 3/5) and M + T (57.1%,
4/7) were much higher than those in group C (14.3% 1/7).

In the ip. glucose tolerance test (IPGTT), performed on day 15
following transplantation, animals in the control group showed an
inferior response to glucose challenge compared with those in
groups M and M + T (Fig. 4C). Serum insulin levels were measured
after 3 wk of treatment (Fig. 54). Compared with the insulin levels
before transplantation (BT, 0.190 + 0.035 ng/mL) the serum insulin
levels in all three groups increased. The average insulin levels in
group M + T were much higher (2.196 + 0.328 ng/mL) than those in
the control group (1.196 + 0.272 ng/mL, P < 0.05) and were also
slightly higher than those in group M (1.822 + 0.219 ng/mL).
Meanwhile, serum IGF1 levels in group M + T (801.9 + 33.9 ng/mL)
were higher than those in group M (639 + 38.6 ng/mL), control
(555.5 £ 29.1 ng/mL) and normal nondiabetic mice (680.6 +
9.4 ng/mL, M + T vs. C, P < 0.001) (Fig. 5B).

Expression of insulin in tissue sections of islet-bearing kidneys was
detected by immunohistochemistry analysis. The strong insulin sig-
nals in the kidney retrieved 1 mo after transplantation revealed the
stable engraftment of rat islets. Interestingly, in the M + T group
examination of the retrieved kidney revealed that the insulin
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Fig. 3. Stimulatory effect of GHRH agonists on ERK, AKT, and cAMP/CREB

pathways. (A) Stimulation of p-ERK/ERK and p-AKT/AKT after a 30-min
treatment with MR-356 and MR-409. (B) Inhibition of MR-409-induced cell
proliferation by PD98059 (PD, 25 uM) or Wortmannin (Wt, 0.5 pM). Data
shown are a representative experiment done in quintuplicate in each
treatment; *P < 0.05, **P < 0.01, ***P < 0.001. (C) Stimulation of cellular
cAMP in MR-409-treated INS-1 cells. (D) Elevated pCREB/CREB in MR-409-
treated INS-1 cells. Data were averaged from individual experiments. A
representative Western blot image is shown.
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Fig. 4. Effect of GHRH agonist MR-409 in the transplanted NOD/SCID mice. (A) Blood glucose follow-up (average + SEM) in the diabetic mice after trans-

plantation. Control (C, ®); M (O); and M + T (V). Transplantation was conducted at day 0, animals in the group M + T were injected s.c. with 10 pg/day of MR-
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box, group M + T. -D1, 1 d before transplantation. (C) The IPGTT performed at 2 wk after transplantation.

positive cells had retained their islet-like clustering, whereas in
the M group, the insulin positive cells tended to disperse under
the kidney capsules (Fig. 5C).

Discussion

In view of the stimulatory effects of previous GHRH agonists on
pancreatic islets, cardiomyocytes, and wound healing, an improved
class of GHRH agonists (designated MR) was designed and syn-
thesized in our laboratory. The MR series agonists display increased
endocrine and cardiac activities compared with the previous JI an-
alogs (19). In this study, we tested GHRH agonists of the MR series
for their effects on the proliferation of pancreatic § cells and islets. In
the in vitro assay these agonists increased cell proliferation in rat
p-cell line INS-1 cells by 10-40%. Similar effects were also observed
when these agonists were tested on mouse p-cell line MIN-6 (21).
GHRH agonists increased the expression of insulin, IGF1, and
GHRH receptor in INS-1 cells. The potency of MR agonists in the
stimulation of cell proliferation and expression of target genes in
INS-1 cells was in general somewhat greater than those of the pre-
viously reported GHRH agonist JI-36. Moreover, agonist MR-409
displayed a significantly greater stimulatory effect on insulin release
in response to high-glucose challenge, compared with JI-36 (Fig. 2D,
P < 0.05). Importantly, in tests with isolated rat islets, GHRH ago-
nists, MR-356 and MR-409, exhibited greater potency in inducing

proliferation of rat islets (Fig. S24) and also caused a greater in-
crease in levels of mRNA for insulin (Fig. S2B).

GHRH has been shown to induce proliferation of pituitary
somatotroph cells; the pathway involving cAMP/protein kinase A is
important in cells targeted by GHRH (22, 23). It was also reported
that GHRH(1-29)NH, and its agonists can activate mitogen-acti-
vated protein kinase (MAPK) in pituitary cells, porcine stem cells
(15), and in cell lines overexpressing the GHRH receptor (24, 25),
whereas GHRH antagonists inhibit cAMP production and inactivate
ERK and AKT kinases in cancer cells (26, 27). However, the
mechanism of GHRH and its agonists on pancreatic 8 cells has not
yet been elucidated. In this study we demonstrated that GHRH
agonists, MR-356 and MR-409, increase phosphorylation of both
ERK and AKT in INS-1 cells and, in the presence of specific in-
hibitors of these pathways, cell proliferation was significantly inhibited
(Fig. 3B). We also demonstrated that agonist MR-409 dramatically
elevates the levels of cellular cAMP and phosphorylated CREB of
INS-1 cells. The results suggested that at least three signaling path-
ways, MAPK/ERK, PI3K/AKT, and cAMP/PKA are involved in the
action of GHRH agonists upon their binding to GHRH receptors on
INS-1 cells. GH and various growth factors stimulate proliferation
and survival of f cells; these well-characterized growth factors include
IGF1 and glucagon-like peptide (GLP-1) (8, 11, 28-30). It has been
reported that the binding of GH to GH-receptor triggers downstream
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Fig. 5. Serum levels of insulin and IGF1 in transplanted NOD/SCID mice. The serum levels of (4) insulin and (B) IGF1 were analyzed after 3 wk of treatment.
B-STZ, before STZ induction, n = 12); BT, diabetic mice before transplantation (n = 8); C, control (n=7), M (n=5), M + T (n =7); *P < 0.05, **P < 0.01, ***P <
0.001. (C) Immunohistochemistry analysis of insulin expression. Representative immunostained tissue sections of islet-bearing kidneys retrieved from the
animals in M and M + T groups. (Scale bar, 100 um.)
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signal transduction through the JAK2-STATS5ab pathway, which
leads to increase p-cell proliferation and survival (30, 31). The effect
of IGF1/IGF1 receptor (IGF1-R) and elements of the IGF1 signal
transduction pathway have been well studied in pancreatic p cells (9,
32). Insulin receptor substrate 2 (IRS-2)-mediated signaling is crucial
in this action (33). IGF1 activates phosphorylation of AKT and ERK
in B cells, which leads to increased cell survival and up-regulates the
expression of genes including the insulin gene (34-36). Studies showed
that GLP-1 improves p-cell function and increases proliferation by
induction of the cCAMP pathway; activation of cCAMP promotes pan-
creatic B-cell survival by stimulating IRS-2 (29, 37, 38). Our work
shows that in INS-1 cells, GHRH agonists elevate cell proliferation;
activate three signaling pathways; increase expression of GHRH re-
ceptor, cellular insulin, and IGF1; and enhance insulin release in re-
sponse to glucose challenge; GHRH antagonists completely inhibited
cell proliferation induced by the agonists. All these findings suggest
that the interaction of GHRH receptor and its ligands plays an im-
portant role in the proliferation and metabolic function of pancreatic
p cells. The GHRH-GHRH receptor complex may enable signal
transduction independently or in cooperation with other pathways,
probably the IGF1 signaling pathway, in the regulation of develop-
ment and function of pancreatic f§ cells. The detailed downstream
elements (effectors) involved in the action of GHRH agonists need to
be further elucidated. Studies using gene knockout technology and
transgenic animal models may shed light on the mechanisms of cross-
talk between the GHRH and other signal transduction pathways.

Agonists MR-356 and MR-409 are equally effective in tests
in vitro. MR-409 was selected for investigation in vivo because MR-
356 belongs to the agmatine group, which is more difficult to syn-
thesize on a large scale. The animal model used in the study repre-
sents type-1 diabetes; in vivo treatment of diabetic animals with
GHRH agonist, MR-409, clearly reduced the severity of the disease,
prolonging life span and reducing hyperglycemia. Actually, the hy-
perglycemia in the untreated mice was generally undervalued be-
cause often the glucose levels in untreated animals were above the
maximum of the glucose meter’s top of scale (600 mg/dL); in such
cases, 600 mg/dL was taken as the blood glucose level. The blood
glucose level in the treated mice fell somewhat in the 1st wk of
treatment, increased slightly by the 2nd wk, and was stable in the 3rd
and 4th wk. The situation was worse in the untreated animals as the
blood glucose increased gradually through 4 wk. The high survival
rate of treated diabetic mice, 45 d after onset of diabetes, correlated
well with lesser severity of the disease even though the levels of serum
insulin in the treated animals remained unchanged. These results
imply a possible beneficial effect of treatment with GHRH agonists
in the earlier stage of diabetes. In this study, no obvious side effects
were observed after administration of 10 pg/day of MR-409 s.c. for
3 wk. GHRH has shown antiinflammatory effects in rats injected with
endotoxin; GHRH agonist, JI-34, was shown to protect against
bacterial toxin-induced pulmonary barrier dysfunction in mice (39,
40), suggesting GHRH may act as an immune modulator. The effects
of GHRH agonists in immune-competent diabetic animal models
need to be further tested. GHRH stimulates the release of GH from
the pituitary; however the function of the GH/IGF1 axis in the
causes and development of diabetes is complex (41-43). Sustained
expression of GH prevents the development of autoimmune di-
abetes in NOD mice by modification of immune response (44). In
our current study we did not observe elevated serum GH or IGF1
levels in diabetic mice after administration of MR-409 for 3 wk. It is
possible that administration of GHRH agonists promotes the pro-
liferation of the remaining f cells in pancreas after administration of
STZ, or affects the peripheral levels of glucagon and GLP-1, which
in turn could influence glucose homeostasis (10, 45). The underlining
mechanism of reduced severity of diabetes in these immune-deficient
mice is yet to be fully explained. It might be important to investigate
whether GHRH agonists play a role in regeneration of endogenous
islets, in preventing progressive loss of p-cell mass and function in
type-2 diabetes, and in reduction of hyperlipidemia in diabetic
animal models.

Transplantation of rat islets when preconditioned with GHRH
agonist JI-36 leads to a better survival of engrafted rat islets, which
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was previously reported by our group, which demonstrates the im-
portance of preconditioning of the islets. Islets preconditioned with
GHRH agonist JI-36 displayed an increase in size as determined by
measurement of relative IEQ/IPN after 24-72 h in culture (12, 13).
In this study we found that treatment of rat islets with agonist MR-
409 for 2 d increases islet volume and expression of insulin at RNA
levels (Fig. S2). Further, we showed that superior beneficial effects
with respect to regaining normoglycemia (engraft rate), elevated
serum blood insulin, gain of body weights, and longer lifespan fol-
lowing nephrectomy of the islets-bearing kidney can result from
transplantation of islets preconditioned with GHRH agonist
MR-409 and then followed by administration of MR-409 post-
transplantation. In the group M + T, engraftment succeeded in all
animals (n = 7); the animals became normoglycemic in 8-9 d com-
pared with 2 wk in the M group (Fig. 44). Interestingly, the average
blood glucose levels in group M + T were lower than those in
normal animals or in group M through 20 d. Serum insulin levels in
all three groups (C, M, and M + T) were elevated following trans-
plantation compared with those of diabetic animals before trans-
plantation (Fig. 54). Immunostaining indicating that the rat islets
preconditioned with GHRH agonist were stably engrafted and were
functioning 1 mo after transplantation. Although serum insulin levels
in “cured animals” (based on blood glucose level) in groups M and
M + T were still below the average of the healthy animals (4.06 +
0.22 ng/mL, n = 12). The limited quantity (~160 IEQ) of transplanted
rat islets was able to produce enough insulin to restore glucose ho-
meostasis in diabetic mice. The efficacy of islet transplantation can be
substantially improved by preconditioning of islets with GHRH
agonist; this leads to a reduction of the islet mass necessary for
metabolic control.

Numerous studies have reported efforts to improve the survival
of islets by preventing loss of viability and function of islet cells
during and following the transplant period. Preconditioning islets
with protein kinase Ce (PKCe) activator improves islet graft func-
tion (46). Cotransplanting pituitary cells or bone marrow cells with
islets also significantly improves the performance of islet grafts (47,
48). It has been reported that administration of GH increases
proliferation of p cells in transplanted islets (49). Nerve growth
factor (NGF) and VEGFs play a critical role in development of
cells and are also associated with the survival of islets in vivo fol-
lowing transplantation (50-52). GHRH(1-29)NH, was reported to
stimulate the expression of VEGF in vitro (53), and, correspond-
ingly, GHRH antagonists strongly inhibited the expression of
VEGF in tumor (54). Our work shows that exposure of INS-1
cells to GHRH agonist, MR-409, greatly enhanced the secre-
tion of VEGF in INS-1 cells (Fig. 2E); this may explain the role
of GHRH agonists in the improvement of islet engraftment
following transplantation.

In conclusion, our study provides evidence for the beneficial action
of synthetic GHRH agonists on pancreatic f§ cells in vitro and in vivo.
The use of GHRH agonists offers a physiologic approach to cyto-
protection of viability of islets. Long-acting GHRH agonists may
fulfill the requirements of effective drugs for improving engraftment
of islets following transplantation. Consequently, synthetic GHRH
agonists appear to be a useful addition to the armamentarium for the
therapy of diabetes mellitus. Our finding suggests the merit of further
investigation of possible use of GHRH agonists for the development
of new approaches to management of diabetes mellitus.

Materials and Methods

Animal Model and Treatment of Diabetic Animals. Diabetes was induced in male
NOD/SCID mice (Charles River) by single i.p. injection of STZ (Sigma, 180 mg/kg)
following guidelines established by the institutional animal care and use
committee of the University of Miami. Serum glucose was monitored using an
AimStrip Plus glucose meter (Germaine Laboratories). In cases when blood
glucose level was above the maximal reading of the meter, 600 mg/dL was
taken for calculation. Mice were considered diabetic when nonfasting blood
glucose rose above 400 mg/dL for at least 2 consecutive days. To determine the
effect of GHRH agonist, MR-409, on nontransplanted diabetic animals, animals (n =
7) in the treatment group, designated group T, were injected s.c. with 10 ug/day
MR-409 [in 10% (vol/vol) propylene glycol], whereas animals (n = 7) in the control
group, designated group C, received vehicle only. The nonfasting blood glucose
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levels and body weight were recorded three times per week. Blood samples were
collected after 3 wk of treatment; serum insulin and IGF1 were measured.
Effects of GHRH agonist, MR-409, on diabetic animals transplanted with
rat islets were evaluated in three groups. For preconditioning of islets,
freshly isolated rat islets were cultured in islet medium containing either
1 pM GHRH agonist, MR-409, or vehicle (0.05% DMSO) for 48 h. Islets sample
(~160 IEQ) was then transplanted beneath the left kidney capsule (12).
Animals transplanted with rat islet-treated vehicle were designated group
C. Animals transplanted with MR409-treated islets were further divided
into two groups, which were designated group M and group M + T, re-
spectively. Two days after transplantation, mice in group M + T received
s.c. MR-409 (10 pg/day) for 3 wk, whereas mice in both group C and group
M received vehicle solution [10% (vol/vol) propylene glycol] only. The
nonfasting blood glucose levels and body weights were recorded three
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times per week. At day 14, mice were subjected to an IPGTT test. Blood
samples were collected after 3 wk of treatment, and serum insulin and
IGF1 were measured. At day 30, the islet-bearing left kidney was removed.
Animals were observed for 1 wk following this nephrectomy.

All other materials and methods are provided in S/ Materials and Methods.
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