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Abstract

Pancreatic B-cell differentiation and regenerative capacity differ markedly between developmental stages, with the neonatal
pancreas exhibiting high plasticity that enables ongoing progenitor- and ductal-derived B-cell formation, whereas the adult
pancreas demonstrates limited neogenic potential. Glucagon-like peptide-1 (GLP-1) promotes B-cell survival, prolifera-
tion, and differentiation; however, its developmental stage-specific effects on B-cell regeneration are not fully understood.
To investigate this, we generated a third-generation HIV-based lentiviral vector encoding native GLP-1 (LentiGLP-1)
under the control of cytomegalovirus (CMV) promoter using the Multisite Gateway® recombination cloning system.
The vector’s ability to modulate B-cell differentiation and proliferation was subsequently assessed in neonatal and adult
diabetic rat models. Type 2 Diabetes (T2DM) was induced in neonatal rats by administering low-dose streptozotocin
(STZ), exploiting the intrinsic plasticity of the developing pancreas, whereas in adult rats, a high-fat diet combined with
low-dose STZ was used. LentiGLP-1 administration markedly promoted differentiation of ductal and progenitor cells into
insulin-producing B-cells in neonatal rats, accompanied by enhanced B-cell proliferation, demonstrating effective engage-
ment of developmental plasticity. In adults, LentiGLP-1 partially restored B-cell populations through activation of residual
progenitors and stimulation of replication in existing B-cells, improving glycemic control and insulin sensitivity. Notably,
acinar cells did not contribute to B-cell generation in either neonatal or adult models. These results indicate that GLP-1
exerts developmentally regulated effects on B-cell differentiation, facilitating neogenesis in neonates and partially restoring
regenerative capacity in adults. Long term GLP-1 expression, thus represents a promising strategy to restore f-cell mass
by proliferation and differentiation, providing insight into its therapeutic potential for diabetes.
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WPRE Woodchuck Hepatitis Virus Posttranscriptional
Regulatory Element
Introduction

Pancreatic B-cell differentiation is a highly orchestrated
developmental process that begins during embryogen-
esis and continues postnatally to establish and maintain
functional B-cell mass throughout life. In the embryonic
pancreas, endocrine cells arise from multipotent progeni-
tor cells (MPCs) located within the foregut endoderm,
which sequentially differentiate into endocrine, acinar, and
ductal lineages under the control of transcription factors,
including pancreatic and duodenal homeobox 1 (Pdx-1),
neurogenin-3 (Ngn3), NK6 homeobox 1 (Nkx6.1), and
MAF BZIP transcription factor A (Maf4) [1, 2]. During
this period, signaling events within the pancreatic epithe-
lium, such as Notch, Wnt, and FGF pathways, determine
lineage specification and endocrine commitment. The neo-
natal stage represents a transitional period characterized
by extensive B-cell proliferation and maturation, during
which islet organization and insulin secretory responsive-
ness are progressively refined [3]. In contrast, the adult
pancreas displays markedly limited regenerative capac-
ity. Following B-cell loss or injury, regeneration in adults
primarily occurs through the replication of pre-existing
B-cells rather than neogenesis from progenitor or ductal
cells [4]. However, emerging evidence suggests that under
certain physiological or pharmacological stimuli, the adult
pancreas retains some plasticity that allows partial reacti-
vation of developmental programs reminiscent of embry-
onic differentiation [5]. Understanding and harnessing this
residual regenerative potential remains a major challenge
in diabetes research, as progressive f-cell loss and dys-
function are hallmarks of T2DM [6].

Among molecules implicated in B-cell development
and regeneration, Glucagon-like peptide-1 (GLP-1) has
gained significant attention due to its dual metabolic and
cytoprotective functions. Beyond its well-established
role as an incretin hormone, GLP-1 has been shown to
influence pancreatic morphogenesis and B-cell lineage
determination [7]. Studies have demonstrated that GLP-1
receptor (GLP-1R) activation can stimulate B-cell pro-
liferation, inhibit apoptosis, and induce neogenesis from
progenitor cell populations [8, 9]. For instance, exendin-4,
a potent GLP-1R agonist, has been reported to upregulate
Pdx-1 and Ngn3 expression in rodents, promoting B-cell
differentiation and increasing islet mass [10]. Further-
more, GLP-1 has been reported to promote endocrine
transdifferentiation of pancreatic ductal cells into B-like
phenotypes in various pancreatic cell lines [11]. These
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findings suggest GLP-1 signaling acts as a molecular
bridge between metabolic regulation and cellular repro-
gramming within the pancreas.

Despite these advances, the mechanisms by which
GLP-1 modulates B-cell differentiation and regenera-
tion across developmental stages remain incompletely
understood. Whether B-cell differentiation triggered by
GLP-1 in the neonatal pancreas recapitulates normal
developmental processes or engages unique regenera-
tive pathways has not been fully elucidated. Moreover,
it remains unclear whether sustained GLP-1 expression
can overcome the inherent regenerative limits of the adult
pancreas or primarily amplifies existing proliferation. The
transient nature of pharmacological GLP-1 analogs and
their systemic metabolic effects further complicate the
identification of mechanisms underlying B-cell differen-
tiation [12].

To address these gaps, the present study was designed to
elucidate the developmental stage—specific effects of GLP-1
on B-cell differentiation and neogenesis. A third-generation
HIV-based lentiviral vector encoding native GLP-1 under
a CMV promoter (LentiGLP-1) was constructed by using
the Multisite Gateway® system to achieve stable, sus-
tained in vivo GLP-1 expression. Two complementary dia-
betic models were used: a neonatal streptozotocin (STZ)
model exploiting the intrinsic plasticity of the developing
pancreas, and an adult high-fat diet/low-dose STZ model
reflecting the characteristics of T2DM. Through compara-
tive histological and molecular analyses, this study aimed
to elucidate how long-term GLP-1 expression influences
B-cell differentiation, and progenitor activation in distinct
developmental contexts, thereby investigating lentiviral
GLP-1 gene delivery as a potential long-term therapeutic
strategy for diabetes.

Materials and methods

Construction of GLP-1 encoding lentiviral vectors
via multisite gateway recombination

A synthetic human GLP-1 minigene (7-37; 193 bp) was
directionally cloned into the pENTR/D-TOPO vector,
as described in our previous study [13]. The confirmed
GLP-1 entry clone was recombined with a CMV promoter
using the Multisite ViraPower™ HiPerform™ Promoter-
less Gateway™ Vector Kit (Invitrogen, A11146) into the
pLenti6.4/R4R2/V5-DEST backbone via Gateway® LR
Clonase® II mix. Recombinant constructs were screened
by restriction enzyme analysis and DNA sequencing
(BigDye™ Terminator v3.1; Applied Biosystems, Foster
City, CA, USA).
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Production, purification, and titration of lentiviral
vectors

Third-generation lentiviral particles encoding GLP-1 (Len-
tiGLP-1) or LacZ (LentiLacZ) were produced and puri-
fied according to the previously established protocol [14].
Briefly, LentiGLP-1 was produced by co-transfecting the
transfer vector pLentiCMV-GLP1 with the packaging plas-
mids pGag-Pol (Addgene, 12251), pRSV-Rev (Addgene,
12253), and pVSV-G (Addgene, 12259). Similarly, the con-
trol vector LentiLacZ was generated using the pLacZ plas-
mid (Addgene, 12108) with the same packaging plasmids.

The functional titer of lentiviral preparations was deter-
mined by quantitative PCR (qPCR). qPCR was performed
using primers targeting the Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE; Forward:
5'-CCGTTGTCAGGCAACGTG-3'"; Reverse: 5'-AGCTGA
CAGGTGGTGGCAAT-3’) to quantify viral genomes, with
primers against human albumin (Forward: 5'-GCTGTCAT
CTCTTGTGGGCTGT-3"; Reverse: 5'-ACTCATGGGAGC
TGCTGGTTC-3') as an internal control. A standard curve
was generated from serial dilutions of an albumin plasmid
(Addgene). Reactions were carried out using the QuantiTect
SYBR Green PCR Kit (Qiagen, 204143) on an ABI 7500
Fast Real-Time PCR System (Applied Biosystems).

In vitro transduction efficiency of lentiviral vectors

For in vitro transduction efficiency, HepG2 cells (1 x 10%/
well, 24-well plates) were transduced with LentiGLP-1
or LentiLacZ. Seventy-two hours post-transduction, cells
were washed, fixed at room temperature, permeabilized
with PBS-T, and blocked with 1% BSA. Cells were then
incubated overnight with an anti-GLP-1 primary anti-
body (Abcam, ab22625) at 4 °C, followed by incubation
with Alexa Fluor Plus 488—conjugated goat anti-rabbit
IgG (Invitrogen, A32731) at room temperature. Nuclei
were counterstained with DAPI, and fluorescence images
were obtained using an Olympus IX81 motorized inverted
microscope.

GLP-1 Enzyme-Linked Immunosorbent Assay (ELISA)

GLP-1 secretion following LentiGLP-1 transduction was
evaluated in HepG2 cells and in both models. For in vitro
analysis, HepG2 cells (5x 10%well, 24-well plates) were
transduced with LentiGLP-1, or LentiLacZ and supernatants
were collected 72 h post-transduction. For in vivo analysis,
blood from sacrificed rats was treated with a DPP-4 inhibi-
tor and centrifuged at 2500 rpm for 10 min to obtain serum.
Active GLP-1 levels in serum and cell culture supernatants
were measured using the Glucagon-Like Peptide-1 (Active)

ELISA kit (Millipore, EGLP-35 K) according to the manu-
facturer’s instructions.

Glucose-Stimulated Insulin Secretion (GSIS) assay

MING6 cells (1x 10%well, 24-well plates) were transduced
with LentiGLP-1 or LentiLacZ. One day after transduction,
the culture medium was replaced with fresh DMEM, and
cells were further incubated for 3 days at 37 °C in a 5%
CO: incubator. For GSIS, cells were washed and incubated
in KRBH containing 0 mM, 2.8 mM, or 25 mM glucose.
Supernatants were collected, while parallel cultures were
incubated overnight at 4 °C in 100% Ethanol/0.4 M HCI to
determine total cellular insulin content. Both supernatants
and lysates were analyzed using the Ultrasensitive Mouse
Insulin ELISA kit (Crystal Chem, Inc., Elk Grove Village,
IL, 90080).

Establishment of type 2 diabetic animal models and
gene transfer

Two experimental rat models were established to evaluate
the effects of LentiGLP-1 gene delivery: a neonatal STZ-
induced diabetic model and an adult obese-diabetic (OD)
model. Newborn and adult Sprague Dawley (SD) rats were
obtained from Animal Care Laboratory of Akdeniz Univer-
sity Hospitals and maintained in compliance with the guide-
lines approved by the Institutional Animal Care and Use
Committee of the Akdeniz University School of Medicine.

For the neonatal model, SD newborns were divided into
two groups. Within 48 h of birth, one group received a
single intraperitoneal (i.p.) injection of STZ (100 mg/kg),
while the control group received PBS. Animals were sac-
rificed at defined post-lentiviral injection time points, and
blood and abdominal organs were collected. Upon confir-
mation of successful model induction, additional neonatal
rats were allocated into experimental groups for gene trans-
fer experiments. Two groups received STZ (100 mg/kg) at
48 h postnatal, followed 24 h later by i.p. administration
of LentiGLP-1 (10" TU/mL) or LentiLacZ (10" TU/mL),
while controls received PBS. Animals were subsequently
sacrificed at the same post-vector injection time points for
sample collection.

For the adult OD model, six-week-old male SD rats were
divided into two groups. One group was maintained on a
standard diet (control), while the other received a high-fat
diet (60% kcal from fat) for 2 months, followed by a sin-
gle i.p. STZ injection (40 mg/kg). Body weight and blood
glucose were monitored for 1 month, prior to sacrifice and
sample collection. After confirming successful model estab-
lishment, additional SD rats (6 weeks old) were divided
into four groups: standard diet-fed controls, obese controls
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receiving PBS, OD rats treated with LentiGLP-1 (10" TU/
mL), and OD rats treated with LentiLacZ (10'' TU/mL).
Diabetes was confirmed if blood glucose exceeded 250 mg/
dL on both days 3 and 5 post-STZ. Lentiviral vectors were
administered 7 days after STZ injection. Body weight and
blood glucose were monitored for 1 month, followed by
sacrification and sample collection.

Assessment of blood glucose, glucose tolerance, and
insulin sensitivity

In adult OD rats, blood glucose was monitored after STZ
administration using an Optima glucometer. Prior to sacri-
fice, glucose tolerance and insulin sensitivity were assessed
using intraperitoneal glucose tolerance tests (IPGTT) and
insulin tolerance tests (ITT) respectively. Following fasting,
adult OD rats received either glucose (2 g/kg, i.p.) or Hum-
alog insulin (1 U/kg, i.p.), and blood glucose levels were
measured at multiple time points thereafter.

Histological analysis

Abdominal organs (pancreas, kidney, liver, and spleen) were
collected from both models and were embedded in paraffin
cassettes. Hematoxylin and eosin (H&E) staining was per-
formed on pancreatic and hepatic sections to assess tissue
morphology. Immunohistochemical staining was conducted
using rabbit polyclonal anti-insulin (Abcam, ab63820) and
rabbit polyclonal anti-GLP-1 (Abcam, ab22625). Beta-cell
area was quantified by calculating the ratio of insulin-pos-
itive area to total pancreatic area using ImageJ software.
Imaging was performed with an Olympus IX81 inverted
fluorescence microscope.

Lineage analysis of insulin-positive cells

After standard deparaffinization and hydration, pancreatic
sections underwent antigen retrieval in sodium citrate buffer
(pH 6.0), followed by permeabilization in ice-cold methanol
and 0.25% Triton X-100 in PBS. Non-specific binding was
blocked using UV-blocking solution. For dual immunofluo-
rescence, primary antibodies were applied in 1% BSA as
follows: polyclonal rabbit anti-insulin (Abcam, ab63820)
combined with one of Ki67 (Thermo Scientific, PA5-16446),
Ngn3 (Thermo Scientific, PA5-102658), CK20 (Thermo
Scientific, PA5-86167), PDX-1 (Thermo Scientific, PAS-
78024), or pancreatic alpha-amylase (Thermo Scientific,
PAS5-78771). Secondary antibodies used were Goat anti-
Mouse IgG (H+L) Alexa Fluor™ Plus 488 and Donkey
anti-Rabbit IgG (H+L) Alexa Fluor™ Plus 555. Sections
were counterstained with DAPI. Imaging was performed
using an Olympus IX81 motorized inverted fluorescence.
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Fig. 1 Construction, expression, and characterization of the third-gen- }
eration HIV-based lentiviral vectors encoding the native GLP-1 pro-
tein. (A) Schematic representation of the lentiviral expression plasmid
construction using Multisite Gateway® LR recombination. The entry
vector containing the GLP-1 coding sequence (pENTR5’ GLP-1),
flanked by attL1 and attL.2 recombination sites, and an additional entry
vector containing the CMV promoter (pENTR5’_CMYV), flanked by
attL4 and attR1 sites, were recombined with the destination vector
pLenti6.4/R4R2/V5-DEST™, which contains attR4 and attR2 sites,
using LR Clonase enzyme mix. The resulting expression plasmid
(pLentiCMVpGLP-1) includes the 193 bp length GLP-1 gene under a
CMV promoter along with lentiviral vector backbone sequences. The
diagram was generated using SnapGene® software. (B) Agarose gel
electrophoresis analysis of pLentiCMVpGLP-1. The left panel illus-
trates the expected fragment pattern, while the right panel shows the
actual gel results. Well 1 contains the CMV promoter-driven GLP-1
expression plasmid digested with Aflll and Xhol, and well 2 con-
tains the undigested plasmid. (1% agarose gel; MW: GeneRuler™
1 kb Ladder) (C) Immunofluorescence analysis of GLP-1 protein
(green) expression in HepG2 cells transduced with LentiGLP-1 at
varying multiplicities of infection (MOI: 0, 5, 25, 50, 125). Nuclei
were counterstained with DAPI (blue). LentiLacZ-transduced cells
(MOI:125) served as a control. Scale bars: 100 pm. Magnification:
20X. BF: Bright field (D) ELISA quantification of active GLP-1 levels
in supernatants from HepG2 cells transduced with LentiGLP-1 (MOI:
0, 5, 25, 50, 100). LentiLacZ (MOI: 125) was used as a control. Sta-
tistical analysis was performed using one-way ANOVA. (n=6/group,
2<0,0001) E-F. Evaluation of the effects of LentiGLP-1 transduction
at varying MOI (0, 5, 25, 100) on insulin synthesis and secretion in the
MING6 pancreatic beta cell line. LentiLacZ at 100 MOI was used as a
control. Statistical analysis was performed using two-way ANOVA.
(n=5/group; *p<0.0001)

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 10 (GraphPad Software, La Jolla, CA, USA). Data
are presented as mean+SEM. Statistical significance was
defined as p<0.05.

Results
Construction and production of the LentiGLP-1

The entry vector encoding the bioactive GLP-1(7-37) frag-
ment was constructed as described in our previous study
[13]. After the successful generation of the GLP-1-contain-
ing entry vector, the expression construct was assembled
using the Multisite Gateway system. During the LR reac-
tion, the attL1 and attL2 sites of the GLP-1 entry vector
(pENTRS’_GLP-1) and the attL4 and attR1 sites of the
promoter entry vector (pENTRS’ CMV) were recombined
with the attR4 and attR2 sites of the destination vector
(pLenti6.4/R4R2/V5-DEST), via the Gateway® LR Clon-
ase™ ]I Enzyme Mix (Fig. 1A). Plasmid recombination
and insert orientation were verified by Aflll/Xhol restric-
tion digestion, which was expected to yield three fragments
of 3656 bp, 2574 bp, and 1727 bp (total 7957 bp). Agarose
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gel electrophoresis confirmed the presence of fragments of
the expected sizes, thereby validating the correct insertion
and orientation of the GLP-I gene within the expression
vector (Fig. 1B). Following confirmation of orientation by
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restriction mapping, the plasmids were sequence-verified
using Sanger sequencing, which confirmed the integrity and
accuracy of the GLP-1 coding sequence, with no detected
mutations (data not shown).

@ Springer



84 Page 6 of 18

Journal of Molecular Medicine (2026) 104:84

Functional analysis of LentiGLP-1

Subsequent to the successful construction of the GLP-1—
encoding expression plasmid (pLentiCMVpGLP-1),
third-generation lentiviral particles were produced via
co-transfection with the packaging plasmids encoding
Gag-Pol, Rev, and the VSV-G envelope protein. Quanti-
fication by qPCR indicated an average functional titer of
approximately 1x 10! TU/mL. To assess the functional
expression of GLP-1, HepG2 cells were transduced with
LentiGLP-1. Immunofluorescence staining performed
72 h post-transduction using a GLP-1-specific antibody
revealed intracellular green fluorescence signals indica-
tive of GLP-1 protein expression. A concentration-depen-
dent increase in fluorescence intensity was observed with
increasing multiple of injection (MOI) values. Notably,
no fluorescence was detected in HepG2 cells trans-
duced with the control vector LentiLacZ at MOI 125
(Fig. 1C). GLP-1 peptide synthesis and secretion were
further confirmed by ELISA. Supernatants from Lenti-
GLP-1-transduced HepG2 cells displayed a significant
and concentration-dependent increase in active GLP-1
levels, whereas no GLP-1 was detected in LentiLacZ
controls (Fig. 1D). Furthermore, the functional activity
of LentiGLP-1 was assessed by a GSIS assay. GLP-1
expression significantly enhanced insulin secretion under
high-glucose conditions (25 mM), with no significant
effect observed under low-glucose conditions. This insu-
linotropic response was particularly evident at MOI lev-
els of 25 and 100, while MING6 cells transduced with the
LentiLacZ control vector showed no increase in insulin
release (Fig. 1E). Furthermore, when both extracellular
and intracellular insulin contents were considered, a sig-
nificant increase in total insulin levels was observed at
the same MOI concentrations (Fig. 1F). These findings
demonstrate that the LentiGLP-1 vector mediates the
production of functionally active GLP-1, confirming its
biological activity in vitro.

Therapeutic efficacy of LentiGLP-1 vector in STZ-
induced newborn rat model

Following in vitro validation, the in vivo therapeutic
efficacy of LentiGLP-1 was assessed in the STZ-induced
neonatal diabetic rat model to evaluate its effects on
hyperglycemia, B-cell differentiation, and potential
extra-pancreatic outcomes. Accordingly, neonatal SD
rats were assigned to three experimental groups: two
groups received a single STZ administration, followed
24 h later by injection of either LentiGLP-1 or the con-
trol vector LentiLacZ, while a third group served as
healthy controls receiving PBS. Histological analysis of
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Fig. 2 Histological and biochemical analysis of pancreatic tissues }
and serum GLP-1 levels in neonatal rats following STZ and lentiviral
vector administration. (A) H&E staining of pancreatic sections from
neonatal rats sacrificed at various time points. The control group con-
sisted of healthy animals not subjected to STZ treatment. Experimental
groups received STZ 48 h after birth, followed by either LentiGLP-1
or LentiLacZ injection at 72 h postnatally. The numbers above each
image indicate the number of days post-lentiviral vector injection at
which the tissue was collected. Representative images were acquired
at 64X magnification. Scale bars: 100 pm. (n=3/group) (B) Immuno-
histochemical staining for insulin in pancreatic sections from neona-
tal rats sacrificed at the indicated time points. Representative images
were captured at 64X magnification. (n=3/group) (C) Beta cell area
scores of neonatal rats in the control, LentiLacZ, and LentiGLP-1
groups at various time points. Each pancreatic section was imaged
using an Olympus IX81 motorized inverted fluorescence microscope,
and insulin-positive areas were quantified using ImageJ software. Data
were analyzed by two-way ANOVA, revealing statistically significant
differences for group (»p<0.0001), time (»p<0.0001), and group x time
interaction (p=0.0006). Scale bars: 100 pm. (n=3/group) (D) Com-
parative quantification of active GLP-1 concentrations in the blood
serum of neonatal rats from the control, LentiLacZ, and LentiGLP-1
groups, sacrificed on day 20 post-lentiviral vector injection. To prevent
enzymatic degradation of GLP-1, serum samples were treated with a
DPP-4 inhibitor. Active GLP-1 levels were measured via ELISA and
confirmed through fluorometric detection. Statistical evaluation was
conducted using one-way ANOVA followed by Dunnett’s post hoc
test, revealing significant differences among groups (***p=0.0006;
n=3/group)

pancreatic sections stained with H&E showed a signifi-
cant increase in islet volume in healthy controls during
the early neonatal period (days 3—10), with islets resem-
bling adult-like morphology by day 20. On the other
hand, STZ-treated animals receiving LentiLacZ exhib-
ited smaller islets, indicative of extensive B-cell loss
secondary to STZ-mediated cytotoxicity. Importantly,
LentiGLP-1-treated animals showed a steady increase
in islet volume from day 3 through day 30, reflecting
a similar developmental pattern as the healthy controls
(Fig. 2A). Immunohistochemical staining for insulin
revealed strong and consistent insulin expression in
control animals at all examined time points. The Len-
tiLacZ group showed reduced insulin-positive staining
at early time points (days 3, 5, 7, and 10), with only
weak and limited insulin expression detectable by day
20, reflecting limited regenerative ability. Conversely,
the LentiGLP-1-treated group demonstrated signifi-
cantly enhanced insulin expression starting from day 3,
which was maintained through day 30 (Fig. 2B). Quanti-
tative analysis of insulin-positive areas confirmed quali-
tative observations, revealing a statistically significant
reduction in insulin-positive areas in both LentiLacZ-
and LentiGLP-1-treated groups immediately after STZ
administration. However, a time-dependent recovery and
expansion of B-cell area was observed only in the Lenti-
GLP-1 group. At days 20 and 30, insulin-positive areas
in the LentiGLP-1-treated animals were significantly
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higher than at earlier time points and greater than those
observed in the LentiLacZ group (Fig. 2C). Consistent
with these histological findings, analysis of blood sam-
ples by ELISA demonstrated that LentiGLP-1 injection
in neonatal rats elicited a threefold increase in circulat-
ing active GLP-1, compared to control and LentiLacZ-
treated groups (Fig. 2D).

T
Control LentiLacZ LentiGLP-1

Investigation of the effects of GLP-1 on pancreatic
cell differentiation and regeneration in neonatal
rats

To further elucidate the role of GLP-1 in pancreatic devel-

opment, dual immunofluorescence staining was performed
on neonatal pancreatic tissues to monitor the progression of
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Fig. 3 Dual immunofluorescence staining of pancreatic sections from} A

neonatal rats to evaluate the origin of insulin-positive cells following
STZ and lentiviral vector administration. (A) Dual immunofluores-
cence staining for insulin (green) and Ki67 (red) in pancreatic sections
from neonatal rats in the control, LentiLacZ, and LentiGLP-1 groups.
The control group includes healthy animals that did not receive STZ.
In experimental groups, STZ was administered 48 h postnatally, fol-
lowed by i.p. injection of either LentiGLP-1 or LentiLacZ at 72 h after
birth. The time points indicated above each panel represent days post-
lentiviral vector injection at the time of sacrifice. Images were acquired
using a 64X objective lens. Scale bars: 100 um. (n=3/ group) (B) Dual
immunofluorescence staining for PDX-1 (green) and insulin (red) in
pancreatic sections. Images were obtained using a 64X magnification.
Scale bars: 100 pm. (n=3/group) (C) Dual immunofluorescence stain-
ing for Ngn3 (red) and insulin (green) in pancreatic sections. Magnifi-
cation: 64X. Scale bars: 100 pm. (n=3/group) (D) Dual immunofiuo-
rescence staining for cytokeratin 20 (CK20, red) and insulin (green)
in pancreatic sections. Magnification: 64X. Scale bars: 100 um. (n=3/
group) (E) Dual immunofluorescence staining for pancreatic alpha-
amylase (red) and insulin (green) in pancreatic sections. Images were
captured at 64X magnification. Scale bars: 100 um. (n=23/group)

pancreatic maturation during the neonatal period, determine
the origins of insulin-positive cells, and investigate the spe-
cific effects of GLP-1 expression. Insulin/Ki67 co-staining
revealed ongoing [B-cell proliferation in control animals
throughout the developmental period, whereas STZ-treated
rats receiving the control vector LentiLacZ displayed mini-
mal B-cell proliferation. By contrast, LentiGLP-1-treated
rats exhibited pronounced insulin/Ki67 co-localization,
indicating that GLP-1 expression enhances B-cell prolifera-
tion post STZ-induced damage (Fig. 3A). Dual immuno-
fluorescence staining for insulin and PDX-1, a transcription
factor critical for B-cell identity, showed strong co-expres-
sion in the LentiGLP-1 group as early as postnatal day 7
and persisting through later time points, suggesting pro-
motion of functional B-cell regeneration. Control animals
displayed normal insulin/PDX-1 co-localization consistent
with physiological development, while the LentiLacZ group
exhibited sparse insulin-positive cells with minimal PDX-1
expression (Fig. 3B). Analysis of insulin/Ngn3 co-staining,
a marker of endocrine progenitors, indicated that GLP-1
promotes P-cell neogenesis by enhancing differentiation
of Ngn3-positive progenitors into insulin-expressing cells,
an effect absent in the LentiLacZ group, whereas control
animals showed mild Ngn3 expression persisting until at
least postnatal day 20 (Fig. 3C). Similarly, insulin/CK20
staining demonstrated that LentiGLP-1 induces transdif-
ferentiation of ductal cells into insulin-positive B-cells
after STZ-mediated B-cell depletion, while no such co-
localization was observed in control or LentiLacZ-treated
animals further supporting the specificity of the GLP-1-me-
diated response (Fig. 3D). Insulin/alpha-amylase staining
revealed no evidence of acinar-to-beta cell conversion in
any group (Fig. 3E). Collectively, these results indicate that
LentiGLP-1 enhances B-cell proliferation, neogenesis, and
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ductal-to-beta cell transdifferentiation, whereas the control
and LentiLacZ groups show limited regenerative capacity.

Therapeutic efficacy of LentiGLP-1 vector in adult
OD rat model

T2DM is a metabolic disease characterized by insu-
lin resistance and progressive B-cell dysfunction. To
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elucidate the long-term effects of sustained GLP-1
expression on pancreatic biology, an adult OD rat model
was employed to examine its influence on both endo-
crine and exocrine compartments. Six-week-old male
SD rats were divided into four groups. The control group
received a standard diet, while three experimental groups
were fed a high-fat diet to induce obesity. After obesity
induction, one high-fat group (‘Obese’ control) received
PBS, and the other two were given a single i.p. dose of
STZ (40 mg/kg) to induce hyperglycemia. Rats with
blood glucose>250 mg/dL were classified as diabetic.
Seven days after STZ administration, diabetic animals
were treated with either LentiGLP-1 or LentiLacZ, and
blood glucose and body weight were monitored weekly
for four weeks post-treatment.
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Fig. 4 Metabolic assessments in healthy and obese diabetic SD rats.
(A) Time-course analysis of body weight. Control SD rats were main-
tained on a standard diet, while obese SD rats received a high-fat diet;
neither group underwent STZ treatment. Experimental groups (Lenti-
LacZ and LentiGLP-1) were also fed a high-fat diet and received STZ
administration in week 9. SD rats with blood glucose levels>250 mg/
dL on days 3 and 5 post-STZ injections were considered diabetic. Len-
tiviral vector delivery was performed in week 10. (Statistical analy-
sis: Two-Way ANOVA; p<0.0001, n=8/group) (B) Time-dependent
changes in blood glucose levels in SD rat groups. Glucose levels were
assessed on days 0, 3, 5, 7, 10, 14, 21, and 28 post-STZ injection.
(Statistical analysis: Two-way ANOVA; p<0.0001, n=8/group) (C)

Control rats exhibited minimal weight gain throughout
the study, whereas high-fat feeding resulted in progres-
sive obesity, becoming significant from week 4. Among
diabetic groups, LentiLacZ injection did not alter body
weight relative to untreated obese rats. In contrast, Lenti-
GLP-1 treatment elicited a significant and sustained reduc-
tion in body weight beginning at week 10 (Fig. 4A). Blood
glucose analyses demonstrated that control and obese
non-diabetic rats maintained normoglycemia (~100 mg/
dL). STZ administration induced marked hyperglycemia,
which persisted in the LentiLacZ group (350-550 mg/dL)
but was progressively reduced by LentiGLP-1 treatment,
lowering blood glucose levels below the diabetic threshold
(<250 mg/dL) by day 14 (Fig. 4B). The impact of Lenti-
GLP-1 on glucose homeostasis and insulin sensitivity was
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IPGTT profiles of SD rat groups 3 weeks after gene delivery. The test
was performed following an 8-hour fasting period, with i.p. adminis-
tration of glucose at a dose of 2 g/kg. Blood glucose levels were mea-
sured at 0 (basal), 15, 30, 60, 90, and 120 min after glucose injection.
(Statistical analysis: Two-way ANOVA; p=0.0259, n=8/group) (D)
ITT profiles of Control, Obese, LentiLacZ, and LentiGLP-1 SD rat
groups 3 weeks after gene delivery. Following a 7-hour fasting period,
SD rats received an i.p. injection of Humalog insulin at a dose of 1
U/kg. Blood glucose levels were measured at 0 (basal), 15, 30, 60,
90, and 120 min post-insulin injection. (Statistical analysis: Two-way
ANOVA; p=0.0052, n=8/group)
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further evaluated using metabolic tests. IPGTT revealed
severe glucose intolerance in obese and LentiLacZ-treated
diabetic rats, with glucose levels exceeding 300 mg/dL.
By contrast, LentiGLP-1-treated rats demonstrated sig-
nificantly improved glucose disposal, with glucose levels
declining below 250 mg/dL by 60 min (Fig. 4C). Simi-
larly, ITT indicated preserved insulin responsiveness in
controls but markedly reduced sensitivity in obese and
LentiLacZ-treated diabetic rats, where glucose levels
remained >250 mg/dL. LentiGLP-1 injection significantly
enhanced insulin sensitivity, producing a pronounced
glucose-lowering response from 30 min onward and
approaching control values by 60 min (Fig. 4D).
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Fig. 5 Histological and biochemical evaluation of pancreatic tissue
and serum GLP-1 levels in adult SD rats following STZ and lentiviral
vector administration. (A) H&E staining of pancreatic sections. Con-
trol rats were maintained on a standard diet, and obese rats were fed
a high-fat diet; neither group received STZ treatment. Experimental
groups (LentiLacZ and LentiGLP-1) were fed a high-fat diet, admin-
istered STZ, and subsequently received lentiviral vectors. Represen-
tative images are shown at 40X magnification. Scale bars: 100 pum.
(n=8/group) (B) Immunohistochemical staining for insulin in pancre-
atic sections. Representative images were captured at 40X magnifi-
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One month after STZ administration, animals were sacri-
ficed, and blood and abdominal organs were collected. His-
tological analysis of pancreatic sections stained with H&E
revealed that the overall pancreatic architecture and islet
morphology in control and obese groups were largely pre-
served, with clearly distinguishable Langerhans islets show-
ing similar organization. Conversely, STZ-treated diabetic
rats administered LentiLacZ exhibited noticeably smaller
islets. Notably, islets from LentiGLP-1-treated rats appeared
larger compared to those in the LentiLacZ group (Fig. SA).
Immunohistochemical staining for insulin revealed that
insulin immunoreactivity was strong and widespread in both
control and obese rats. However, due to the B-cell-specific
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cation. Scale bars: 100 pm. (n=38/group) (C) Quantification of B-cell
area. Insulin-positive areas were analyzed using ImagelJ software on
images obtained with an Olympus IX81 motorized inverted fluores-
cence microscope. Data were statistically evaluated using one-way
ANOVA. (p=0.0002; n=28/group) (D) Comparative quantification
of active GLP-1 concentrations in the blood serum of adult SD rats.
Blood samples were treated with a DPP-4 inhibitor to prevent degrada-
tion, and active GLP-1 levels were measured by ELISA with fluoro-
metric confirmation. Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s test (***p<0.0001; n=8/group)
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cytotoxicity of STZ, Langerhans islets from LentiLacZ-
treated diabetic rats were markedly reduced in size, accom-
panied by a pronounced decrease in insulin-positive cells. On
the other hand, LentiGLP-1-treated diabetic rats exhibited
partial preservation of B-cell mass, with a noticeably higher
number of insulin-positive cells compared to the LentiLacZ
group (Fig. 5B). Quantitative analysis of insulin-positive
areas showed no significant difference in the proportion of
insulin-positive areas between the control and obese groups.
However, LentiGLP-1-treated rats displayed a markedly
greater percentage of insulin-positive area compared to
LentiLacZ-treated diabetic rats, supporting the B-cell-pre-
serving effect of GLP-1 expression (Fig. 5C). Consistent
with these metabolic outcomes, ELISA analysis of serum
samples demonstrated that LentiGLP-1 injection in OD rats
resulted in a threefold increase in circulating active GLP-1
relative to obese and LentilLacZ-treated groups (Fig. 5D).
These findings together demonstrate that sustained GLP-1
expression confers B-cell protection, ameliorates hypergly-
cemia, improves glucose tolerance, enhances insulin sensi-
tivity, and favorably regulates body weight in an adult OD
rat model, highlighting its therapeutic potential for T2DM.

Dual immunofluorescence analysis of insulin-
positive cell origins and pathways of B-cell
regeneration in adult rats

Following immunohistochemical analyses demonstrating
the effects of GLP-1 on B-cells in OD adult rats, dual immu-
nofluorescence staining was performed to investigate the
cellular origins and mechanisms underlying insulin-positive
cell formation, focusing on proliferation, differentiation,
and neogenesis. Insulin/Ki67 co-staining revealed low basal
B-cell proliferation in control animals, whereas obese rats
showed increased co-localization, consistent with compen-
satory proliferation in response to higher insulin demand.
LentiLacZ-treated diabetic rats exhibited minimal insulin/
Ki67 co-localization, reflecting reduced B-cell prolifera-
tion and smaller islet size. In contrast, LentiGLP-1-treated
rats displayed pronounced insulin/Ki67 co-localization,
with strong nuclear Ki67 expression in insulin-positive
cells, suggesting that GLP-1 enhances [B-cell replication
(Fig. 6A). Dual immunofluorescence staining for insulin
and PDX-1 demonstrated that control and obese animals
maintained B-cell identity, whereas LentiLacZ-treated rats
showed markedly reduced PDX-1/insulin co-expression,
indicative of B-cell loss. In the LentiGLP-1 group, strong
nuclear PDX-1 expression in insulin-positive cells sug-
gested improved B-cell maintenance and possible genera-
tion of new insulin-producing cells (Fig. 6B). Analysis of
insulin/Ngn3 co-staining revealed minimal neogenesis
in control and obese animals, while co-localization in the

LentiGLP-1 group indicated that GLP-1 reactivates Ngn3
expression and promotes differentiation of progenitor cells
into insulin-producing cells, an effect absent in the Lenti-
LacZ group, confirming this neogenic effect is specifically
mediated by GLP-1 (Fig. 6C). Similarly, insulin/CK20 co-
staining showed no ductal-to-B-cell conversion in control,
obese, or LentiLacZ-treated animals, indicating that ductal-
to-endocrine conversion is rare in the adult pancreas. In
contrast, LentiGLP-1-treated rats exhibited CK20/insulin
co-localization in peri-islet regions, suggesting an early or
intermediate stage of differentiation of ductal epithelial cells
into insulin-producing B-cells (Fig. 6D). Insulin/a-amylase
staining revealed no acinar-to-B-cell conversion in any
group, confirming that acinar cells do not contribute to B-cell
regeneration in the adult pancreas under either physiological
or GLP-1-induced conditions (Fig. 6E). Altogether, these
findings indicate that LentiGLP-1 enhances B-cell prolifera-
tion, maintenance, and regeneration through neogenesis and
ductal-to-p-cell transdifferentiation, whereas control, obese,
and LentiLacZ-treated animals display limited regenerative
capacity.

Effects of LentiGLP-1 gene transfer on the liver in
adult and neonatal rats

The liver, sharing endodermal origin and functional similar-
ity with the pancreas, was examined in neonatal and adult
rats as a secondary target organ to assess potential off-target
effects. In neonatal rats (Fig. 7A), LentiGLP-1 injection
induced robust hepatic GLP-1 expression, whereas con-
trol and LentiLacZ-treated groups exhibited no detectable
signal. Insulin immunostaining was absent in all neonatal
groups, indicating that hepatocytes did not acquire insulin-
producing phenotypes. Consistently, in adult rats (Fig. 7B),
LentiGLP-1 treatment elicited pronounced GLP-1 expres-
sion, while obese and LentiLacZ groups remained negative,
and insulin positivity was undetectable in all adult livers.

Discussion

GLP-1 is a potent incretin hormone that exerts multifaceted
effects on pancreatic B-cells. Beyond enhancing glucose-
dependent insulin secretion, GLP-1 promotes B-cell survival,
increases replication, suppresses intracellular stress fac-
tors, and triggers regenerative mechanisms [15]. Moreover,
GLP-1 can stimulate the differentiation of progenitor cells
into B-cells by activating key transcription factors such as
Pdx-1 and Ngn3 [16, 17]. It has also been reported to induce
the transdifferentiation of exocrine cell types, including duc-
tal or acinar cells, into insulin-producing p-cells [18]. These
pleiotropic actions make GLP-1 an attractive therapeutic
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{ Fig. 6 Dual immunofluorescence analysis of pancreatic sections to
investigate the origin and regeneration of insulin-positive cells in adult
SD rats following STZ-induced injury and lentiviral vector injection.
(A) Dual immunofluorescence staining for insulin (green) and Ki67
(red) to evaluate B-cell proliferation. Control SD rats were maintained
on a standard diet, while obese SD rats received a high-fat diet; neither
group was treated with STZ. LentiLacZ and LentiGLP-1 groups were
fed a high-fat diet, treated with STZ, and subsequently received lenti-
viral vectors. Ki67 expression indicates proliferative activity, and insu-
lin staining marks insulin-positive cells. Images were acquired using
40X objective lens. Scale bars: 100 um. (n=8/group) (B) Dual immu-
nofluorescence staining for PDX-1 (green) and insulin (red) to assess
expression of the pancreatic transcription factor PDX-1 in insulin-pos-
itive cells. Images captured at 40X magnification. Scale bars: 100 um.
(n=28/group) (C) Dual immunofluorescence staining for Ngn3 (red)
and insulin (green). Magnification: 40X. Scale bars: 100 pm. (n==8/
group) (D) Dual immunofluorescence staining for CK20 (red) and
insulin (green). Magnification: 40X. Scale bars: 100 pm. (n=_8/group)
(E) Dual immunofluorescence staining for pancreatic alpha-amylase
(red) and insulin (green). Images were captured at 40X magnification.
Scale bars: 100 um. (n=_8/group)

molecule for diabetes treatment. Consequently, pharmaco-
logical GLP-1 receptor agonists have been developed and
are now widely used in clinical practice. However, many of
these agonists are associated with adverse effects, includ-
ing gastrointestinal discomfort, and require frequent (daily
or weekly) injections to maintain consistent incretin levels
and bioactivity [19, 20]. Additionally, the rapid degradation
of endogenous GLP-1 in circulation limits its therapeutic
efficacy. To overcome these limitations, we developed an
approach to achieve sustained and long-term in vivo GLP-1
expression. For this purpose, third-generation LentiGLP-1

LentiLacZ LentiGLP-1
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GLP-1

Fig. 7 Immunohistochemical analysis of hepatic sections from neona-
tal and adult SD rats to assess the effects of GLP-1 gene transfer on
hepatic insulin and GLP-1 expressions. (A) H&E, insulin (INS), and
GLP-1 immunohistochemical staining of liver sections from neonatal
SD rats in the Control, LentiLacZ, and LentiGLP-1 groups, sacrificed
on day 20 post-lentiviral vector injection. The control group consisted
of healthy animals that did not receive STZ or lentiviral vector admin-

were employed to achieve stable in vivo expression of the
native active form of GLP-1 (7-37). In vitro ELISA and
GSIS assay demonstrated that LentiGLP-1 successfully
produced biologically active GLP-1 and enhanced insulin
secretion.

The potential impact of long-term GLP-1 expression on
pancreatic development remains incompletely understood.
To address this, a neonatal rat model, characterized by
active pancreatic morphogenesis and high B-cell regenera-
tive capacity, was subjected to STZ-induced B-cell injury,
followed by injection of either LentiGLP-1 or control Lenti-
LacZ vectors. This approach allowed us to examine whether
sustained GLP-1 expression could support B-cell preserva-
tion, proliferation, and neogenesis during early postnatal
development, a critical window when B-cell mass rapidly
expands and the pancreas exhibits heightened plasticity.
Histological analyses revealed that LentiGLP-1-treated
neonatal rats exhibited a progressive increase in islet vol-
ume from postnatal day 3 through day 30, closely mirroring
the developmental trajectory of healthy controls, whereas
STZ-treated LentiLacZ animals displayed persistent islet
atrophy, reflecting the high susceptibility of neonatal -cells
to cytotoxic injury [21]. Immunohistochemical evaluation
demonstrated markedly increased insulin-positive areas in
LentiGLP-1-treated neonatal rats, indicative of both B-cell
preservation and activation of neogenic pathways. Serum
analysis confirmed functional GLP-1 expression, with circu-
lating levels approximately threefold higher than in controls,
supporting the conclusion that the observed enhancements

B
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LentiLacZ LentiGLP-1

istration. Images were acquired at 64X magnification. Scale bars:
100 um. (n=3/group) (B) H&E, insulin (INS), and GLP-1 immuno-
histochemical staining of liver sections from adult SD rats. The obese
group was fed a high-fat diet and did not receive STZ administration.
Images were captured at 40X magnification. Scale bars: 100 um.
(n=8/group)
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in insulin immunoreactivity and islet area were directly
mediated by LentiGLP-1 treatment. These results provide
robust in vivo evidence of GLP-1’s regenerative potential in
neonatal rats, offering mechanistic insight and reinforcing
its therapeutic relevance for neonatal diabetes and condi-
tions characterized by impaired -cell mass.

Double immunofluorescence staining with Ki67 was
performed to simultaneously assess B-cell identity and pro-
liferation during neonatal pancreatic development. This
approach enabled precise evaluation of B-cell regenerative
activity. In control neonatal rats, Ki67/insulin co-local-
ization indicated active B-cell proliferation and expansion
of the B-cell mass, reflecting normal postnatal pancreatic
growth. In contrast, the absence of Ki67/insulin co-staining
in STZ-treated LentiLacZ rats suggested an inadequate pro-
liferative response to injury, highlighting the vulnerability
of neonatal B-cells to cytotoxic insult. Conversely, the pres-
ence of Ki67/insulin-positive cells in the LentiGLP-1 group
demonstrated that sustained GLP-1 expression supported
B-cell regeneration by stimulating cell cycle entry in surviv-
ing B-cells, compensating for STZ-induced cell loss. This
observation is consistent with previous studies showing that
GLP-1 and its analogs enhance B-cell proliferation in vivo
and emphasizes the capacity of GLP-1 to reactivate intrinsic
proliferative programs in developing B-cells [22, 23].

To further explore endocrine cell differentiation and
neogenesis, double immunofluorescence analyses were
performed using PDX-1 and Ngn3 markers. PDX-1 regu-
lates pancreatic progenitor development and maintains
B-cell identity, while Ngn3 governs the differentiation of
endocrine progenitors into a-, B-, 8-, and PP-cells [24].
Together, they provide insights into both B-cell mainte-
nance and de novo generation of B-cells. In control neo-
natal rats, PDX-1/insulin co-staining confirmed normal
B-cell differentiation and maturation, whereas reduced
PDX-1/insulin signals in the LentiLacZ group indicated
STZ-induced B-cell depletion. Notably, the LentiGLP-1
group exhibited increased numbers of PDX-1/insulin-
positive cells, suggesting that GLP-1 preserved existing
B-cells and stimulated neogenesis by activating essential
transcriptional factors. Similarly, in neonatal controls,
Ngn3/insulin co-staining observed up to postnatal day 20
indicated ongoing B-cell neogenesis from progenitors. In
opposition, minimal Ngn3/insulin signal in the LentiLacZ
group reflected extensive B-cell loss and impaired regen-
erative activity. The increase of Ngn3/insulin-positive
cells in the LentiGLP-1 group demonstrated that GLP-1
reactivated the dormant regenerative potential of endo-
crine progenitors and promoted neogenesis. These find-
ings align with reports showing that GLP-1 analogs, such
as liraglutide or exendin-4, enhance B-cell mass through
both proliferation and neogenic mechanisms [9, 25, 26].
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To investigate GLP-1’s effects on exocrine pancreatic
cells and potential transdifferentiation, double immuno-
fluorescence staining was performed using CK20 (ductal)
and a-amylase (acinar) markers. During normal pancreatic
development, endocrine cells arise from multipotent progen-
itors in the pancreatic epithelium of the foregut endoderm
(from E9.5-10 in rodents), whereas ductal and acinar cells
differentiate from the trunk and tip domains, respectively
[27]. This sequential differentiation along distinct, lineage-
restricted trajectories preserves cell identity. Consistent
with this, CK20/insulin co-expression was absent in control
neonatal rats, reflecting distinct lineage origins. Conversely,
CK20/insulin co-localization in STZ-treated LentiGLP-1
animals indicates that GLP-1 can recruit ductal progenitors
toward an insulin-producing phenotype. This finding sug-
gests an additional mechanism for B-cell mass expansion
beyond proliferation or endocrine progenitor differentia-
tion. These results are consistent with reports showing that
GLP-1 induces insulin expression in rat (ARIP) and human
(PANC-1) pancreatic cell lines [11]. By contrast, a-amylase/
insulin double staining yielded no co-localization in any
neonatal group, indicating that acinar cells did not undergo
transdifferentiation into B-cells. This observation is consis-
tent with reports indicating that acinar cells exhibit limited
plasticity and are largely refractory to GLP-1-induced trans-
differentiation [28]. Altogether, these dual labeling results
demonstrate that LentiGLP-1 mediates B-cell regeneration
in neonatal rats through B-cell proliferation, endocrine pro-
genitor differentiation, and ductal-to-endocrine transdiffer-
entiation. However, it remains insufficient to drive acinar
cell conversion into insulin-producing cells.

Building on these neonatal findings, we next examined
the therapeutic potential of sustained GLP-1 expression in
adult rats, where B-cell plasticity is more limited. Given the
pathophysiological relevance of T2DM, characterized by
insulin resistance and B-cell dysfunction, the adult OD rat
model was employed to further elucidate GLP-1’s regen-
erative effects under diabetic conditions. In this model, rats
were fed a high-fat diet to induce obesity, followed by STZ
administration to induce p-cell loss.

LentiGLP-1 injection in adult OD rats significantly
improved metabolic outcomes. In this study, LentiGLP-
1-treated OD rats gained less weight compared to Lenti-
LacZ-treated rats. This reduction in weight gain is likely
mediated by reduced food intake and enhanced metabolic
efficiency, consistent with the central and peripheral regula-
tory actions of GLP-1. The marked reduction in blood glu-
cose from persistently hyperglycemic levels (~350-550 mg/
dL) in diabetic controls to below 250 mg/dL within two
weeks of LentiGLP-1 treatment indicates enhanced insu-
lin secretion. This rapid normalization of glycemia likely
reflects GLP-l1-mediated restoration of residual f-cell
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function together with increased glucose uptake. Metabolic
challenge tests confirmed these effects. LentiGLP-1-treated
OD rats showed markedly improved glucose tolerance dur-
ing IPGTT and enhanced insulin sensitivity during ITT, with
glucose levels approaching control values within 60 min.
These results indicate that LentiGLP-1 not only modulates
body weight but also improves systemic glucose homeosta-
sis by reversing insulin resistance and enhancing glucose
tolerance.

Histological and immunohistochemical analyses cor-
roborated the metabolic findings, confirming the protective
effects of GLP-1 on pancreatic morphology. Pancreatic sec-
tions from LentiGLP-1-treated rats exhibited larger, more
organized islets compared with the markedly atrophic islets
observed in LentiLacZ-treated OD rats. Quantitative evalu-
ation revealed a significantly greater insulin-positive area in
the LentiGLP-1 group, indicative of partial preservation of
B-cell mass and enhanced insulin immunoreactivity. These
results reinforce the cytoprotective and potentially regen-
erative effects of GLP-1 signaling, which are likely medi-
ated through the cAMP-PKA and PI3K-Akt pathways,
known to promote B-cell survival and function [29]. Con-
sistent with these histological outcomes, ELISA analysis
confirmed approximately a threefold elevation in circulat-
ing active GLP-1 levels in treated rats, validating efficient
vector-mediated expression and providing a mechanistic
basis for the observed improvements in glycemic control
and B-cell preservation.

The origin of insulin-positive cells in adult OD rats was
examined using double immunofluorescence staining to
elucidate the cellular mechanisms underlying B-cell main-
tenance and regeneration in adult rats in response to GLP-1
treatment. Ki67/insulin co-staining revealed low basal p-cell
proliferation in control rats, with a compensatory increase in
obese animals to meet higher insulin demand. This prolif-
erative capacity was markedly reduced in LentiLacZ-treated
diabetic rats, consistent with diabetes progression. In con-
trast, LentiGLP-1-treated rats exhibited increased insulin/
Ki67 co-localization, suggesting GLP-1 reactivated B-cell
proliferation, likely via cyclin D1-mediated pathways [30].
PDX-1/insulin co-staining was preserved in controls and
obese rats but reduced in LentiLacZ diabetics, whereas Len-
tiGLP-1 treatment increased PDX-1/insulin-positive cells,
indicating support of existing B-cells and promotion of new
B-cell formation. Similarly, Ngn3/insulin double-positive
cells emerged only in the LentiGLP-1 group, suggesting
GLP-1 can reactivate progenitor-like cells and induce B-cell
neogenesis. These findings are consistent with previous
reports showing that GLP-1 and its analogs enhance adult
B-cell proliferation, activate cell cycle-related proteins such
as cyclin D1, and support B-cell survival [31-33]. More-
over, exendin-4 administration for two weeks in diabetic

(db/db) mice was reported to increase PDX-1 expression
and promote B-cell differentiation [34]. It has also been
demonstrated in both in vitro and in vivo models that Ngn3
can be reactivated in the adult pancreas and that GLP-1 can
support this process, thereby promoting neogenesis [5, 17].

CK20/insulin co-expression in LentiGLP-1-treated dia-
betic rats indicated that GLP-1 facilitates ductal-to-p-cell
conversion even in adult pancreatic tissue, highlighting
the plasticity of ductal progenitors in response to regenera-
tive cues. On the other hand, a-amylase/insulin co-staining
remained absent, confirming that acinar cells remain ter-
minally differentiated and unresponsive to GLP-1-induced
transdifferentiation. This resistance is likely due to their
developmental divergence from the endocrine lineage and
low GLP-1R expression. These observations are consistent
with previous reports showing that GLP-1 can promote the
conversion of ductal cells to endocrine cells in the rat pan-
creatic ductal (ARIP) cell line [35]. Although GLP-1R is
expressed at low levels in ductal cells, its expression can
increase under regenerative or stress conditions, potentially
allowing GLP-1 to influence ductal cell fate [36]. By con-
trast, acinar cells, which have developmentally diverged
from the endocrine lineage and express GLP-1R at very low
levels, appear refractory to direct GLP-1-mediated effects
[37, 38]. Notably, acinar-to-B-cell conversion requires
high-level co-expression of key transcription factors such
as Pdx-1, Ngn3, and MafA4 via adenoviral vectors, and has
been achieved mainly in immunosuppressed adult mouse
models [39]. These results indicate that LentiGLP-1 primar-
ily promotes B-cell proliferation and differentiation from
progenitor or ductal sources rather than acinar-to-endocrine
conversion.

Following the evaluation of GLP-1 effects on the pan-
creas, the liver was examined in both models due to the
shared developmental origin and metabolic interplay
between these organs. Both liver and pancreas parenchyma
derive from the endoderm, with stromal components from
the mesoderm [40], highlighting structural and functional
proximity that could theoretically allow similar cellular
responses to LentiGLP-1. In both neonatal and adult rats,
hepatic GLP-1 immunostaining was absent in control and
LentiLacZ-treated animals but markedly increased in Len-
tiGLP-1-treated rats, reflecting successful vector-mediated
transgene expression. Notably, despite the high plasticity
of neonatal hepatocytes, insulin immunostaining remained
undetectable across all groups, indicating that GLP-1 did
not induce transdifferentiation of hepatocytes into insulin-
producing cells. These findings demonstrate that while Len-
tiGLP-1 effectively drives GLP-1 expression in the liver, its
pro-p-cell effects are pancreas-specific and do not extend to
hepatocytes, suggesting organ-restricted responsiveness to
GLP-1 despite shared embryonic origin.
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These findings highlight the translational potential of
LentiGLP-1 therapy across developmental stages. In neo-
natal rats, sustained GLP-1 expression robustly preserved
and expanded f-cell mass, promoting proliferation and
neogenesis during critical windows of pancreatic develop-
ment, which may prevent or delay diabetes onset. In adult
rats, where B-cell plasticity is limited, LentiGLP-1 par-
tially restored B-cell mass and function, improving glucose
homeostasis, insulin sensitivity, and body weight, likely via
combined effects on B-cell proliferation, progenitor activa-
tion, and peripheral metabolism.

The lentiviral vector-mediated delivery employed in
this study provides long-term, single-dose GLP-1 expres-
sion, overcoming the transient effects and repeated dosing
requirements of conventional GLP-1R agonists. Sustained
expression may improve therapeutic efficacy, stabilize gly-
cemic control, and reduce treatment burden, supporting its
potential for long-term diabetes management.

Future investigations should focus on comprehensive
preclinical safety assessment, optimization of vector dos-
age, and evaluation of translational feasibility in humans,
with particular attention to age-dependent responses and
regenerative capacity. Moreover, elucidating the inter-
actions between GLP-1-mediated B-cell regeneration
and systemic metabolic pathways, as well as potential
immunological or off-target effects of prolonged viral
expression, will be critical to advancing clinical applica-
tion. Notably, the origin of newly formed B-cells differs
between developmental stages. In the neonatal pan-
creas, they arise mainly from progenitor and ductal cells,
whereas in the adult pancreas regeneration occurs pre-
dominantly through replication of existing B-cells with
only limited neogenesis. Collectively, these data provide
compelling evidence that GLP-1-based regenerative
therapy can simultaneously preserve -cell function and
enhance systemic metabolic homeostasis, representing a
promising strategy for both early intervention and treat-
ment of established diabetes.

Conclusion

In conclusion, sustained GLP-1 expression achieved
through lentiviral delivery exerts distinct, stage-dependent
effects on pancreatic regeneration, driving B-cell neogenesis
and proliferation in the neonatal pancreas while partially
reactivating regenerative pathways in adults. These find-
ings highlight the potential of GLP-1-based gene therapy
as a long-term strategy for restoring f-cell homeostasis and
improving metabolic control in diabetes.
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