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Abstract

Diabetes mellitus is a common and serious metabolic disease globally, characterized by increased blood glucose lev-
els. The major pathogenesis is the functional impairment of insulin-producing beta cells in the pancreas and the lack
of insulin secretion. Although both type 1 and type 2 diabetes develop through distinct pathological mechanisms,
they lead to the destruction and/or dysfunction of beta cells, resulting in inadequate beta cell mass to maintain
normal blood glucose levels. For this reason, therapeutic agents capable of inducing beta cell proliferation can be

considered a possible approach to restore beta cell abundance and treat type 1 and type 2 diabetes. Although several
methods have been found to promote the replication of beta cells in animal models or cell lines, it is still challenging
to promote the effective proliferation of beta cells in humans. This review highlights the different agents and mecha-
nisms that facilitate pancreatic beta cell regeneration. Numerous small molecules have been discovered to influence
beta cell proliferation, primarily by targeting cellular pathways such as DYRK1A, adenosine kinase, SIK, and glucoki-
nase. Additionally, receptors for TGF-@3, EGF, insulin, glucagon, GLP-1, SGLT2 inhibitors, and prolactin play critical roles
in this process. Stem cell-based clinical trials are also underway to assess the safety and efficacy of stem cell therapies
for patients with type 1 and type 2 diabetes. We have emphasized alternative therapeutic pathways and related strat-
egies that may be employed to promote the regeneration of pancreatic beta cells. The knowledge raised within this

for further investigations.

translation

review may help to understand the potential drug-inducible targets for beta cell regeneration and pave the way
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Background

Numerous people throughout the world are living with
diabetes mellitus (DM), a chronic metabolic disorder
defined by consistently high blood glucose levels (Tan
et al. 2019). Despite the advancements made in the
management of diabetes, the prevalence of this condi-
tion continues to rise, necessitating the need for new
and effective therapeutic approaches (Aloke et al. 2022).
DM comprises two principal forms: type 1 diabetes
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(T1D), distinguished by an autoimmune degradation of
pancreatic beta cells, and type 2 diabetes (T2D), pre-
dominantly linked to insulin resistance and decreased
insulin secretion. In both forms, the decrease in ineffi-
cient beta cell mass plays a vital role, leading to insuffi-
cient insulin synthesis and ensuing hyperglycemia (Ojo
et al. 2023). Beta cells, which are in the pancreatic islets
of Langerhans, have the duty of generating and releas-
ing insulin when blood glucose levels rise. The mainte-
nance of a functional beta cell population is crucial for
attaining sustained glycemic regulation (Ji et al. 2022).
Hence, stimulating beta cell proliferation provides a
compelling therapeutic approach for restoring insulin
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synthesis and potentially reversing the pathogenesis of
diabetes (Pucelik et al. 2021).

The current therapeutic interventions for diabetes
primarily revolve around the exogenous administration
of insulin, oral antidiabetic medications, modifications
to one’s lifestyle, and, recently, microbiota interven-
tions (Alipourfard et al. 2020; Docherty and Sussel 2021).
Even though these methods assist in the management
of blood glucose levels, they often need to be revised to
achieve consistent glycemic regulation, hindering the
progress of the disease and confronting the inherent beta
cell deficiency (Ji et al. 2022). Consequently, innovative
therapeutic methods that specifically aim to stimulate
beta cell proliferation possess considerable potential in
transforming the treatment of diabetes (Satin et al. 2021).

In both TD1 and TD2, there is a decline in the func-
tionality of beta cells, resulting in their gradual loss. To
improve hormone secretion, it is crucial to compre-
hend the cellular mechanisms (s) that govern beta cell
mass (Docherty and Sussel 2021). Moreover, it is vital
to determine the mitogenic factors that potentially pro-
mote beta cell proliferation in order to develop a thera-
peutic strategy that improves the prognosis of DM
(Eguchi et al. 2022). The strategies to boost endogenous

b-cell mass include (i) promoting the replication of beta
cells, (ii) preventing the death of beta cells, (iii) induc-
ing the generation of new beta cells, and (iv) regulating
the transdifferentiation of beta cells (Shirakawa 2023).
Efforts to promote beta cell proliferation using pharma-
ceuticals were initially met with significant challenges;
however, chemicals that improve human beta cell pro-
liferation in vitro were found through the use of high-
throughput chemical screening (Wagner 2022). A range
of small molecules has been found to modify the prolif-
eration of beta cells. The drug agents induce prolifera-
tion mainly through various cellular targets, such as dual
specificity tyrosine phosphorylation-regulated kinase 1A
(DYRK1A), adenosine kinase, salt-inducible kinase (SIK),
and glucokinase. Additionally, receptors for transform-
ing growth factor- § (TGF-p), Endothelial growth factor
(EGF), insulin, glucagon, glucagon-like peptide-1 (GLP1),
and prolactin. Besides, the depletion of cell cycle regula-
tors through oligonucleotide-mediated means has also
been identified as an influential factor for beta cell pro-
liferation (Goode et al. 2022). Knowledge about suscepti-
ble cellular targets of drug-induced proliferation can shed
light on the identification of suitable agents and the opti-
mal regeneration of pancreatic beta cells.
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Cellular targets for drug-induced cell regeneration

Regenerative medicine can address a wide range of medi-
cal conditions and tissue damage. Using small molecules
and drugs in pharmacological approaches has become
an important method for promoting cell regeneration
(Esdaille et al. 2021). Recent preclinical and clinical find-
ings suggest potential regenerative therapy in various
organ systems and conditions such as dermal wounds,
cardiovascular diseases, trauma, certain cancers, and
more (Khan et al. 2020). Regenerative medicine involves
using materials, newly generated cells, or combinations
of both to replace missing tissue and contribute to tissue
healing. Tissue regeneration holds tremendous potential
across various medical disciplines, including orthopedics,
dermatology, cardiology, and neurology, among others
(Muruganandan and Wigerius 2020). The development
of novel agents has played a pivotal role in enhancing
regenerative therapies’ efficacy and success rates. These
agents encompass a diverse range of techniques, includ-
ing stem cell therapy, growth factors, biomaterials, gene
therapy, and tissue engineering (Mao and Mooney 2015).
A revolution started in regenerative medicine with the
identification of induced pluripotent stem cells. It led to
the advancement of direct reprogramming, the process
of changing the cell type without returning to a stem cell
state. This process has successfully produced various cell
types from fibroblasts, such as neurons, cardiomyocytes,
endothelial cells, hematopoietic stem/progenitor cells,
and hepatocytes (Sadahiro et al. 2015). The following are

Page 3 of 22

some potential cell types and their drug-targeted stimu-
lation to proliferate that hold promise for regenerative
medicine applications (Table 1).

Cardiomyocytes

Cardiomyocytes are the specialized cells responsible for
the contraction of the heart. In regenerative medicine,
the ability to replace damaged or lost cardiomyocytes
is crucial for treating heart diseases such as myocar-
dial infarction (Wang et al. 2023). Different approaches,
including the use of stem cells or direct reprogram-
ming of other cell types into cardiomyocytes, are being
explored to regenerate heart tissue. Animal studies have
shown that adult mammalian heart cells can be boosted
to renew themselves through interventions like regulat-
ing transcription factors, stimulating specific microRNA
pathways, exposing them to low oxygen conditions,
or activating certain growth factor signaling pathways
(Garbern and Lee 2022). Transcription factors that play
a role in the initial differentiation of cardiomyocytes
also support the proliferation of cardiomyocytes. These
factors include GATA4, NF-kf, TBX20, CSL activated
by Notch, and TCE/LEF activated by Wnt/B-catenin
(Wang et al. 2023). Some mechanisms, such as the acti-
vation of transcription factors like GATA4 and NF-«f,
as well as pathways like Wnt/B-catenin, are utilized by
pancreatic beta cells during regeneration. For instance,
pancreatic beta cells depend on factors such as NF-kf
and Wnt/B-catenin to enhance cellular proliferation

Table 1 Pharmacological agents have been trialed for cell regeneration in different cells

Cell type Drug agent Regulation Mechanism Outcome Ref
Cardiomyocytes Carbacyclin up A PPARdA agonist and induc-  Enhanced cardiac function Magadum et al. 2017
ible overexpression
of constitutively active PPARS
in cardiomyocytes
Pkm2 up Delivery of Pkm2 modRNA Boosted heart cell division Magadum et al. 2020
CDK1, CDK4, Cyclin B1 up Delivery of recombinant Stimulated division of heart Mohamed et al. 2018
and Cyclin D1 CDKT1, CDK4, Cyclin B1 muscle cells
and Cyclin D1
Hepatocytes bardoxolone methyl (CDDO-  up activating Nrf2 Improved liver regrowth Chan et al. 2021
Me) and function
Mfap4 up knockdown Mfap4 Promoted cell growth lakovleva et al. 2023
by siP70S6k speeds up liver regeneration
and reduces fibrosis
Epithelial cells  UC-MSCs and clinical-grade  up Delivery of UC-MSCs Lowered inflammatory Hashemian et al. 2021;
MSCs or clinical-grade MSCs (mes-  markers and supported lung  Liang et al. 2020
enchymal stem cells) recovery
MenSCs up/down Delivery of MenSCs to lung Improved cell survival Xiang et al. 2017
tissue
Paeoniflorin up Regulating intestinal stem Promoted colon organoid Ma et al. 2023

cells (ISCs)

growth, increased regen-
eration, and differentiation
markers
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and differentiation (Kroon et al. 2008). Carbacyclin was
shown to be a tiny molecule that stimulates the prolifera-
tion of cardiomyocytes in one study that used a Fucci-
based approach to screen chemical compound libraries.
Carbacyclin was found to induce the proliferation of neo-
natal and adult mononuclear rat cardiomyocytes through
a O (PPARS)/PDK1/p308Akt/GSK3p/p-catenin path-
way in vitro (Magadum et al. 2017). Another research
study showed that administering Pkm2-modified RNA
(modRNA) to the hearts of mice has been shown to
enhance the proliferation of cardiomyocyte cells and car-
diac function following myocardial infarction (Magadum
et al. 2020). Moreover, a mixture of four cell-cycle regula-
tors, which make up the CDK1: CCNB and CDK4:CCND
complexes, can effectively stimulate the proliferation of
cardiomyocytes and promote their survival both in vivo
and in vitro (Mohamed et al. 2018).

Hepatocytes

Hepatocytes are the main functional cells of the liver and
are involved in various essential metabolic functions.
Liver diseases and injuries can significantly impact liver
function. Utilizing hepatocytes or their progenitor cells
for regenerative purposes may support liver repair and
restore normal liver function (Kholodenko and Yarygin
2017). Key elements in signaling pathways are crucial for
enhancing liver regeneration and promoting hepatocyte
proliferation and differentiation. Understanding these
elements is important for developing therapeutic induc-
ers to improve liver regeneration in tissue engineering
and clinical regenerative therapy (Hora and Wuestefeld
2023). One study suggested that activating Nrf2 with
the stimulator compound bardoxolone methyl (CDDO-
Me) is a promising approach to improve liver regenera-
tion. This potent Nrf2 activator enhances liver volume
restoration and function in an Nrf2-dependent man-
ner by promoting hepatocyte growth and proliferation,
suppressing immune and inflammatory signals, and
inducing metabolic changes in the remaining liver tis-
sue (Chan et al. 2021). Also, activating Nrf2 specifically
in B-cells enhances their proliferation and mass, leading
to improved glucose tolerance. When human islets are
transplanted under the kidney capsule of immunocom-
promised mice and treated with bardoxolone methyl,
a systemic Nrf2 activator, there is an increase in B-cell
proliferation. By managing reactive oxygen species lev-
els, Nrf2 regulates B-cell mass, making it a promising
therapeutic target for expanding and safeguarding -cell
mass in diabetes treatment (Baumel-Alterzon et al.
2022). Additionally, a research study performed a genetic
screen in living organisms and discovered that reduc-
ing the expression of microfibril-associated protein 4
(Mfap4) in liver cells promotes cell growth, accelerates
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liver regeneration, and decreases liver fibrosis. The tar-
geting of Mfap4 also influences mTOR and other path-
ways involved in liver regeneration. This study indicates
the possibility of using siRNA-based therapies to enhance
liver regeneration (Iakovleva et al. 2023).

Epithelial Cells

Epithelial cells are the building blocks of many tissues and
organs, such as the skin, lungs, and intestines. They are
essential for preserving the integrity of tissues and acting
as a barrier. Regenerative approaches targeting epithelial
cells aim to restore damaged epithelial tissues, promote
wound healing, and improve organ function (Karathana-
sis 2014). For example, the function of lung epithelial cells
in repairing and regenerating the lung depends on crucial
signals from the surrounding environment (Khedoe et al.
2021). In some trials, the administration of UC-MSCs
(umbilical cord-derived mesenchymal stem cells) or
clinical-grade MSCs (mesenchymal stem cells) may have
potential benefits in the regeneration of epithelial cells.
These benefits include the reduction of inflammatory
cytokines such as TNF-a, IFN-y, IL6, IL8, and C-reactive
protein. The treatment with UC-MSCs or clinical-grade
MSCs may also contribute to promoting lung recovery
in patients who have survived. This suggests that these
types of stem cell therapy could potentially be valuable
in addressing inflammation and aiding in the recovery of
lung function in patients (Hashemian et al. 2021; Liang
et al. 2020). However, it’s important to note that fur-
ther research and larger clinical trials would be needed
to confirm and expand upon these findings in the case
of epithelial cells of different tissues. Menstrual blood-
derived stem cells (MenSCs) from menstrual blood can
treat diseases like acute lung injury (ALI) by migrating to
the lung, reducing inflammation, and promoting lung tis-
sue repair. Because of this, MSCs may represent a novel
approach to treat LPS-induced ALI and they may even
have therapeutic promise for ALI in general (Karimi et al.
2024; Xiang et al. 2017). MenSCs were found in the lungs
using live imaging. They were found to improve pulmo-
nary microvascular permeability, reduce histopathologi-
cal damage, downregulate IL-1, and upregulate IL-10 in
bronchoalveolar lavage fluid and the damaged lung.
Immunohistochemistry revealed that MenSCs had a pos-
itive impact by increasing PCNA expression and decreas-
ing caspase 3 expression. Keratinocyte growth factor
(KGF) is an essential element of epithelial cells, which was
also upregulated after MenSCs administration in lung
epithelial cells. In vitro studies showed that MenSCs can
increase the viability of BEAS-2B cells and impede LPS-
induced apoptosis as an inflammatory pathogenic pro-
cess of lung injury. These results point to the possibility
of MenSC-based treatments for ALI and the regeneration
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of lung epithelial cells as possible future treatments
(Xiang et al. 2017). Yujing Ma et al. studied the effects
of Paeoniflorin (PF) on intestinal stem cells (ISCs) to
enhance intestinal epithelium regeneration and repair in
ulcerative colitis (UC). Their findings demonstrated that
PF reduced colitis induced by DSS and improved intesti-
nal mucosal injury by regulating ISCs through the PI3K-
AKT-mTOR signaling pathway. In vitro, PF enhanced
the development of TNF-a-induced colon organoids and
upregulated genes and proteins associated with intestinal
stem cell (ISC) differentiation and regeneration. Addi-
tionally, PF improved the ability of LPS-induced IEC-6
cells to repair themselves (Ma et al. 2023). Bioactive com-
pounds such as Paeoniflorin (PF), which influence the
PI3K-AKT-mTOR signaling pathway in intestinal epithe-
lial cells, may also be utilized to promote beta cell repair.
This is because the PI3K-AKT-mTOR pathway is crucial
for controlling cell survival and proliferation in beta cells.

Transdifferentiation of non-beta cells into beta cell

Cellular transdifferentiation, or lineage reprogramming,
facilitates beta-cell regeneration. Hepatic, gastrointesti-
nal, and pancreatic exocrine cells share common endo-
dermal progenitors, enabling efficient transdifferentiation
into beta cells. Due to similar developmental transcrip-
tion mechanisms and epigenetic landscapes, minimal
rearrangement of the epigenome is required, making this
process appealing for cellular reprogramming (Wang
and Zhang 2021). Targeted modulation of transcription
factors is essential for pancreatic cell differentiation and
function, facilitating the conversion of non-beta cells
into functional, glucose-responsive beta cells (Spezani
et al. 2024). One of the major strategies includes ectopic
expression of gene regulators, such as PDX1, PAX4,
NGN3, and MAFA, to induce the reprogramming of
pancreatic a-, 8-, and exocrine cells, along with non-pan-
creatic cells like hepatocytes, gallbladder, and gastroin-
testinal cells, into beta-like cells (Ber et al. 2003; Baeyens
and Bouwens 2008; Zhang et al. 2016; Meivar-Levy and
Ferber 2015; Baeyens et al. 2005). In 2003, Sara Farber
and colleagues found that in the process of differentiat-
ing primary gut endodermal and mature hepatic cell
lines into pancreatic cells, PDX-1 is an essential factor.
The conversion of the liver to the pancreas may provide
a novel approach for generating endocrine-pancreatic tis-
sue to replace dysfunctional beta cells in individuals with
diabetes (Ber et al. 2003). Also, in 2021, Sara et al. used
PDX1, NEURODI, and MAFA to produce IPC from liver
cells. PDX1 triggered mesoderm-to-endoderm trans-
differentiation, NEURODI1 amplified PDX1’s effects by
binding to the same location, and two days after differ-
entiation began, MAFA was activated to boost insulin
production by maturing IPC (Lee et al. 2021). In addition,
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by directly supplementing three pancreatic transcrip-
tion factors—PDX1, PAX4, and MAFA—in a hierarchical
order, Ferber et al. demonstrated that mature beta cell-
like traits may be generated (Berneman-Zeitouni et al.
2014). Baeyens and colleagues transduced adult human
pancreatic exocrine cells with lentiviruses express-
ing activated MAPK and STAT3 and cultured them as
monolayers or 3D structures. Expression of STAT3 and
MAPK-activated neurogenin 3 in 50%~80% of the trans-
duced exocrine cells. Only exocrine cells cultivated in
suspension prior to 3D culture showed a rise in insulin-
positive cells in this experiment (Lemper et al. 2014).

Alpha cells have emerged as a promising approach to
replace the lost beta cell mass, which could potentially
lead to a cure for diabetes. This method is designed to
recover insulin production in patients with diabetes by
transforming the hormone-secreting alpha cells, which
are typically associated with glucagon production, into
insulin-producing beta cells (Saleh et al. 2021). For
instance, Cheng-Ho Chung et al. presented a model in
2010 for beta-cell neogenesis in which mature alpha-cells
rapidly replicate and convert efficiently into beta cells fol-
lowing PDL and alloxan treatment. This could provide an
attractive model for studying the mechanism of alpha-
cell to beta-cell conversion (Chung et al. 2010).

Regarding the differentiation of beta cells, researchers
found that an exocrine enzyme released during pancrea-
titis, trypsin, and its receptor, protease-activated recep-
tor 2 (PAR2), are of importance. High levels of PAR2
have been detected in the islets, including beta cells, and
experiments with a PAR2 agonist and knockout mice
confirmed its necessity for alpha-to-beta cell trans dif-
ferentiation (Piran et al. 2016). Additionally, PAR2 was
implicated in broader regenerative processes, such as
liver regeneration. The destruction process of beta cells
is related to the suppression of PAR2 activation. Impor-
tantly, glucagon-insulin double-positive cells, which are
intermediates in transdifferentiation, could be induced
using a PAR2 agonist alongside an insulin secretion
inhibitor (Winzell and Levine 2022).

Stem cell contributions to beta-cell regeneration

Stem cells offer a promising approach for treating diabe-
tes and its complications due to their ability to modulate
the immune system, differentiate into multiple cell types,
and regenerate damaged tissues. Embryonic, induced
pluripotent, and adult stem cells, such as umbilical cord
blood stem cells (UCB), peripheral blood mononuclear
cells (PB-MNCs), and bone marrow-derived cells like
bone marrow mesenchymal stromal cells (BMMSCs)
and hemopoietic stem cells (BM-HSCs), are among the
numerous stem cell types that have been investigated for
their capacity to generate new insulin-producing cells
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(Peng et al. 2018; Hamad et al. 2021; Soria et al. 2008).
A study conducted by Douglas A. Melton and colleagues,
using a scalable differentiation technique, was able to
generate hundreds of millions of beta cells that respond
to glucose in vitro from human pluripotent stem cells
(hPSCs). In response to glucose, these beta cells derived
from stem cells (SC-b) release Ca?*, store insulin in secre-
tory granules, and release levels of insulin that are simi-
lar to adult beta cells when tested with different glucose
challenges. Moreover, these cells significantly alleviate
hyperglycemia in diabetic mice after transplantation
and produce human insulin into the circulation in a
glucose-regulated pattern (Pagliuca et al. 2014). Addi-
tionally, research on pancreatic and hepatic stem cells
has also been conducted, notably in a pioneering study
by Kevin A. D’Amour and colleagues in 2006 and 2008.
They developed a method to differentiate human embry-
onic stem (hES) cells into endocrine cells that produce
key pancreatic hormones, including insulin, glucagon,
somatostatin, pancreatic polypeptide, and ghrelin. This
approach resembles natural pancreatic development by
guiding cells through stages like definitive endoderm,
gut-tube endoderm, pancreatic endoderm, and endo-
crine precursors. The achieved insulin-producing cells
have insulin levels comparable to those in adult islets
and release C-peptide in response to various stimuli,
although their response to glucose is minimal (D’Amour
et al. 2006; Kroon et al. 2008).

A growing number of stem cell-based clinical trials are
currently underway to evaluate the safety and efficacy of
stem cell therapies in patients with TD1 and TD2. These
trials include both autologous and allogeneic stem cell
approaches, with a variety of cell types under investiga-
tion, including hematopoietic stem cells, mesenchymal
stem cells (MSCs), and stem cell-derived pancreatic
progenitors or beta cells (Sali et al. 2025). Clinical tri-
als using MSCs have reported improved metabolic con-
trol, reduced insulin requirements, and modulation of
the immune response in TD1 and TD2 patients. These
effects are likely mediated by the immunomodulatory
and anti-inflammatory properties of MSCs rather than
their differentiation into beta cells (Hering et al. 2025; Lu
et al. 2021). Recent clinical trials have investigated inno-
vative stem cell-based therapies for type 1 diabetes mel-
litus (T1DM). A pilot study (NCT03920397) combined
intravenous administration of allogeneic mesenchymal
stem cells (MSCs) with oral vitamin D, reporting stable
increases in basal C-peptide levels over six months (Dan-
tas et al. 2021). Another Phase I/II trial (NCT04078308)
involving newly diagnosed TD1M patients revealed
that MSC infusion improved HbAlc levels, increased
C-peptide levels, and shifted cytokine profiles from pro-
inflammatory to anti-inflammatory. Early-stage MSC
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transplantation showed greater efficacy compared to
late-stage administration. However, the small sample
sizes in many MSC studies limit the reliability of clinical
conclusions (Izadi et al. 2022). Human pluripotent stem
cells (hPSCs), including human embryonic stem cells
(hESCs) and induced pluripotent stem cells (hiPSCs),
also present a promising therapeutic approach. Current
trials are focused on transplanting either terminally dif-
ferentiated p-like cells or pancreatic progenitor cells co-
expressing PDX1 and NKX6.1, which are critical markers
for B-cell lineage commitment (Bruin et al. 2014; Rezania
et al. 2013). ViaCyte’s initial trial (NCT02239354) tested
hESC-derived progenitor cells (PEC-01) encapsulated
in an immunoprotective device (PEC-Encap). However,
insufficient vascularization led to graft failure and no
insulin production (Henry et al. 2018; Ramzy et al. 2021).
A subsequent trial (NCT03163511) utilized an improved
vascular-permeable device (PEC-Direct), resulting in
successful engraftment in 63% of patients and detect-
able C-peptide secretion in 35%, without severe rejec-
tion events. Further optimization, including higher cell
doses and enhanced device perforation, improved C-pep-
tide levels and reduced insulin dependence in selected
patients (Shapiro et al. 2021).

To address immune rejection, ViaCyte and CRISPR
Therapeutics developed VCTX210A—CRISPR-edited
progenitor cells that lack HLA class I and express
PD-L1, encased in a removable, vascularized device
(NCT05210530; ongoing). Additionally, a modified PEC-
Encap device developed with Gore materials aimed to
enhance vascularization without requiring immunosup-
pression (NCT04678557); results are pending (Ramzy
et al. 2023).

Inducing beta cell proliferation

through therapeutic targeting

The exploration of pharmacological substances that pro-
tect beta cells and stimulate their proliferation has been
critically studied in the field of diabetes cell therapy.
These substances endeavor to maintain the present beta
cell population, prevent beta cell death, and trigger beta
cell replication (Table 2). This section presents several
remarkable discoveries in this specific field: Major intra-
cellular targets, their mechanistic roles, and effective
therapeutic agents are demonstrated in Fig. 1.

GABA

The neurotransmitter gamma-aminobutyric acid (GABA)
functions as a signaling molecule that is secreted from
beta cells. Its importance in insulin secretion stimula-
tion in human beta cells and insulin exocytosis has been
well-documented (Hagan et al. 2022). Furthermore, dys-
regulation of GABA signaling has been observed in beta
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Table 2 Potential tissue targets trailed by pharmacological agents to modulate the proliferation and regeneration of beta cells

Target(s) or Agent/chemical/factor Agent family Effects on tissue Effect of agent at Ref.

pathway(s) Target

PI3K/Akt and CREB- Gaba Endogenous 1 beta cells prolifera-  Synergistic activation/  Hagan et al. 2022

IRS2 small molecule tion Inhibition

GLP1R Exendin 4-based agents:  Synthetic peptide 1 beta cells prolif- Synergistic activation  von Herrath et al. 2021;

Prolactin receptor
and growth hor-
mone receptor (JAK-
STAT signaling)

DYRKTA

DYRKTA, GSK-33

RANKL
RANKL, GSK3
Proteases

Glucokinase

Adenosine kinase

Adenosine kinase/
DYRKTA

Adenosine receptor
(ADORA2A)

EGFR/NFkB pathways
(IkB kinase and EBP1)

Salt-inducible kinases

Exenatide and lixisena-
tide

GLP-1-based agents:
albiglutide, dulaglutide,
liraglutide, and sema-
glutide

Dual GIP/GLP-1 receptor
agonists:

Tirzepatide, NNC0O090-
2746

Placental lactogen;
prolactin

CC-401,1,5-Naph-
thridine, Harmine, leuc-
ettine-41, OTS-

167, 5-lodotubercidin(5-
T

Aminopyrazine
(GNF7156, GNF4877),
6-Azaindole derivative
(GNF2133)

Denosumab
Osteoprotegerin

Serpin B1

Glucokinase activators
(e.g., TTP399, Dorzagli-
atin)

ABT-702
5-lodotubercidin (5-IT)
5-N-ethyl carboxamide-
adenosine (NECA)

WS6

HG-9-91-01

Endogenous humoral

Small molecule

Small molecule

Monoclonal antibody
Endogenous humoral
Endogenous humoral

Small molecule

Small molecule
Small molecule
Small molecule
Small molecule

Small molecule

eration, beta cells

Fusco et al. 2017;

protection Anderson and Trujillo
2016;
Knop et al. 2023;
Wajcberg and Amarah
2010;
Bonora et al. 2021;
Coskun et al. 2018

N/A Inhibition Fujinaka et al. 2007;
Yamamoto et al. 2010

1 beta cells prolifera- Inhibition Bain et al. 2007;

tion Naert et al. 2015;
Allegretti et al. 2020;
Dirice et al. 2016a;
Abdolazimi et al. 2018

1 beta cells prolifera- Inhibition Liu et al. 2020a, 2020b

tion

1 beta cells prolifera-  Inhibition Kondegowda et al. 2015

tion

1 beta cells prolifera-  Inhibition McClung et al. 2006

tion

1 beta cells prolifera-  Inhibition El Ouaamari et al. 2016

tion

1 beta cells prolifera-  Activation Porat etal. 2011

tion

1 beta cells prolifera-  Activation Annes et al. 2012a

tion

1 beta cells prolifera-  Inhibition Annes et al. 2012a

tion

1 beta cells prolifera-  Inhibition Andersson et al. 2012

tion

1 beta cells prolifera-  Activation Shenetal. 2013

tion

1 beta cells prolifera- Inhibition Huang et al. 2022;

tion (Concentration-
dependent)

M. Kim, 2004

cells derived from patients with TD2 (Korol et al. 2018).
In addition to its function in the regulation of insulin,
GABA has the capacity to induce the growth of beta
cells in rodent and human beta cells (Soltani et al. 2011).
Through activating a calcium-dependent signaling path-
way as well as the downstream PI3K/Akt and CREB-IRS2
signaling pathways, GABA triggers the replication of beta
cells in transplanted human islets. The findings presented
by Purwana and colleagues indicate that GABA induces

the influx of calcium ions in human beta cells, resulting
in the subsequent phosphorylation of AKT and cAMP
response element binding protein (CREB). This intrigu-
ing finding suggests that GABA transmits its signals via
the PI3K/AKT pathway. Furthermore, in a trial with
GABA treatment, an enhanced IRS-2 mRNA expression
was found.

In vivo, GABA has been found to stimulate the conver-
sion of a-to beta-like cells, according to a recent study
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Fig. 1 Mechanisms at the molecular level that control the proliferation of human beta cells. The molecular mechanisms regulating human beta
cell proliferation are complex and involve a combination of intrinsic and extrinsic factors. NFkB is normally restrained in the cytosol by IKK-€.

WS6 blocks this inhibition, allowing NFkB to enter the nucleus and promote cell growth. Through the activation of SMAD3, the TGF-{3 pathway
influences the proliferation of beta cells. Inhibiting SMAD3 activation is how SB431542, a TGF-f3R inhibitor, stimulates cell proliferation. Beta cell
regeneration is initiated by signaling pathways that include insulin receptors (IR), insulin-like growth factor 1 receptor (IGF1R), and glucagon-like
peptide 1 receptor (GLP-1R). These pathways modulate the PI3K-AKT axis and decrease the activity of GSK3{3. GNF7156, GNF4877, GSK3{3 inhibitors,
osteoprotegerin (OPG), and denosumab also inactivate GSK3p3. OPG and denosumab prevent the interaction of RANKL with RANK, preventing
activation of the extrinsic apoptotic pathways. After likely inhibiting proteases such as elastase, cathepsin G, or proteinase 3, SerpinB1 and sivelestat
promote the proliferation of human beta cells by elevating the phosphorylation levels of MAPK3, PRKAR2B, and GSK3, to stimulate mitogenic
pathways in human beta cells, small compounds such as harmine or 5-iodotubercidin (5-IT) can block DYRK1A, which in turn reduces the NFAT

phosphorylation state (adapted from Basile et al. 2019)

of the Collombat group. This process mobilizes duct-
lining precursor cells that initially take on an a-cell iden-
tity before transforming into functional beta-like cells
through sustained GABA exposure. The in vivo reversal
of chemically induced diabetes is achieved by these newly
produced beta-like cells. It has been suggested that com-
parable conversion mechanisms occur in people when
GABA is administered to transplanted human islets,
leading to a reduction in a-cell counts and a surge in
beta-like cell numbers. The GABA-induced beta-like cell
is mediated by a-cells (Ben-Othman et al. 2017; Li et al.
2017).

GLP-1 and Exendin-4

Glucose administration through the gastrointestinal tract
can increase insulin secretion higher than administer-
ing it via peripheral circulation, a phenomenon known
as the “incretin effect” (Holst 2019). This effect is medi-
ated by the gut hormone GLP-1, which is released after
food ingestion and stimulates beta cells to produce more

cAMP and secrete more insulin (Doyle and Egan 2007).
In the absence of high glucose, GLP-1 has little impact
on insulin production, minimizing the chance of hypo-
glycemia. Basic researchers, medical professionals, and
pharmaceutical companies have all taken an interest in
the incretins. Because of this, new medications have been
developed at a quick pace, mostly to treat TD2 (Kim and
Egan 2008). These medications include dipeptidyl pepti-
dase 4 (DPP4) degrading enzymes, GLP-1R agonists, and
incretin hormone inhibitors. By focusing on DPP4, the
half-lives of GLP-1 and gastric inhibitory polypeptide
(GIP) are prolonged, resulting in increased secretin hor-
mone levels in the blood (Satin et al. 2021; Holst 2019). A
combination of GLP-1/GIP and glucagon/GLP-1 agonists
are being evaluated in several studies. Dual GLP-1/GIP
agonists have shown promising metabolic results (Rizvi
and Rizzo 2022). Native GIP and GLP-1 are ineffective in
treating type 2 diabetes due to their short half-lives. GLP-
1RAs that have been authorized by the FDA are similar
to exedin-4 or GLP-1 (Liu 2024). Albiglutide, dulaglutide,
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liraglutide, and semaglutide are GLP-1 based, whereas
exenatide and lixisenatide are based on exendin-4. With
significant co-agonism at both receptors, tirzepatide is
only FDA-approved dual GIP/GLP-1 receptor agonist.
Differences in pharmacokinetics between short- and
long-acting analogs significantly affect their action, effi-
cacy, and tolerability (Alfaris et al. 2024; Gallwitz 2022).
The ongoing enhancement in the pharmacokinetic and
pharmacodynamic characteristics of these drugs has
led to their expansion of use beyond TD2 and obesity,
including a decrease in cardiovascular events (Ciardullo
et al. 2024).

Combining the GLPIR agonist, liraglutide, with an
anti-interleukin (IL)-21 antibody was the alternative
technique used in a clinical trial on people who had just
been diagnosed with TD1. Stress-related beta cell death
can be attenuated by GLP1R agonists, and IL-21 can be
used to attract cytotoxic CD8+T lymphocytes to the
pancreatic islets. The decline in beta cell function associ-
ated with TD1 was considerably mitigated after one year
of treatment when the anti-IL-21 antibody and liraglutide
were used together (von Herrath et al. 2021).

Exendin 4-based agents
Exendin-4 is a GLP-1 analog that improves glucose tol-
erance in diabetic patients by enhancing insulin secre-
tion. It mimics the action of human GLP-1, increasing
glucose-dependent insulin secretion, impeding glucagon
release, slowing gastric emptying, and promoting sati-
ety (Ciardullo et al. 2024). Joseph Fusco et al. have shown
that exendin-4 increased beta cell mass and proliferation
by means of EGFR, which clarifies the involvement of
EGER signaling in exendin-4’s impacts on beta cell mass
and plasma glucose metabolism (Fusco et al. 2017a). Dif-
ferent exenatide formulations, such as the short-acting
(Byetta, exenatide IR) and long-acting (Bydureon, exena-
tide ER) varieties, were developed after the identification
of exendin-4. Both have proven effective in improving
glycemic control, reducing body weight, and provid-
ing cardiovascular benefits. Byetta, a synthetic version
of exendin-4 with enhanced stability, was the first FDA-
approved GLP-1 receptor agonist for treating TD2 in
2005. The FDA approved Bydureon, the first once-weekly
GLP-1 receptor agonist injection for adults with TD2, in
2012 (Liu 2024; Brunton and Davidson 2016).
Lixisenatide is a synthetic peptide derived from
exendin-4 with a strong binding affinity for the GLP-1
receptor, about four times higher than GLP-1 itself. In
the treatment of TD2, the once-daily dose is suggested
despite its short half-life of 2~4 h. Nevertheless, lixisena-
tide is currently available in the United States alongside
insulin glargine (iGlarLixi®); it is no longer sold alone as
of 2023 (Anderson and Trujillo 2016; Ahrén et al. 2013).
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GLP-1-based agents

The development of GLP-1 receptor agonists (GLP-
1RAs) is centered around the creation of GLP-1 deriva-
tives with modified properties that make them resistant
to the action of the DPP-4 enzyme and have slow renal
clearance. The goal of these modifications is to increase
the GLP-1 receptor stimulation beyond what is normally
physiologically possible and to prolong the pharmacolog-
ical half-life of the GLP-1 hormone (Liu 2024). Common
GLP-1-based agents include liraglutide, semaglutide,
dulaglutide, and albiglutide. These medications have
shown effectiveness in enhancing blood sugar regulation,
promoting weight loss, and providing cardiovascular
advantages, making them highly beneficial for individuals
with diabetes and obesity (Knop et al. 2023); Bush et al.
2009; Neeland et al. 2021; Miles and Kerr 2018; Wajcberg
and Amarah 2010; Bonora et al., 2021). Notably, liraglu-
tide and semaglutide have achieved substantial decreases
in HbA1c levels and body weight, with semaglutide addi-
tionally receiving approval for long-term weight manage-
ment (Wajcberg and Amarah 2010; Knop et al. 2023).
Albiglutide and dulaglutide are GLP-1 analogs that con-
tain an alanine-to-glycine substitution at position 8,
rendering these peptides resistant to DPP-4 enzymatic
activity. Both medications were approved by the FDA in
2014 for the treatment of TD2M (Bush et al. 2009). Dula-
glutide was also approved in 2020 to lower the risk of
major adverse cardiovascular events (MACE) in persons
with TD2 who already have cardiovascular disease or a
number of related risk factors (Bonora et al. 2021).

Dual GIP/GLP-1 receptor agonists

When compared to GLP-1 receptor agonists alone, the
unimolecular dual incretin receptor agonist offers a more
natural approach to addressing manifestations related
to TD2. Two dual GIP/GLP-1 receptor agonists have
been identified in clinical trials. The initial dual agonist
is NNC0090-2746, a 40-amino acid peptide that has
a C16:0 fatty acid attached to lysine at position 40; it is
also called RG7697, RO6811135, or MAR709 (Liu 2024).
Tirzepatide, the second dual agonist, is distributed under
the brand names Mounjaro® for TD2 and Zepbound® for
obesity. It was formerly known as LY3298176. The unit
is a 4.8 kDa peptide with 39 amino acids that is acylated
with a C20:0 fatty acid at lysine position 20 (Coskun et al.
2018).

SGLT2 inhibitors

SGLT2 and SGLT1 are responsible for actively transport-
ing glucose across the proximal convoluted tubule (PCT)
cells in the kidney, each with different capacities. SGLT2,
a high-capacity and low-affinity transporter, is primar-
ily located in the S1 segment of the PCT (Saisho 2020).
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It is believed to be responsible for about 90% of glucose
reabsorption, with its expression restricted to the kid-
ney. In uncontrolled Type 2 Diabetes Mellitus (TD2M),
elevated plasma glucose levels surpass the kidney’s glu-
cose reabsorption capacity, saturating the SGLT recep-
tors and leading to increased glucose excretion in the
urine (Morace et al. 2024). A preclinical study of cultured
proximal convoluted tubule (PCT) cells from human
patients has shown that individuals with TD2M have
significantly higher expressions of SGLT2 and GLut2
compared to healthy individuals (Huang et al. 2023).
Blocking SGLT to suppress glucose reabsorption can lead
to increased glucose excretion in urine, thereby lower-
ing plasma glucose levels and potentially providing a new
treatment approach for TD2M without the side effects of
current medications (Saisho 2020). However, a concern
with this method is that it might negatively impact kid-
ney function, causing excessive water loss through urine
and leading to dehydration. SGLT?2 inhibitors help man-
age hyperglycemia, decrease body weight and visceral
fat, and enhance metabolic issues linked to metabolic
syndrome, including blood pressure, lipid levels, and
serum uric acid levels (Saisho 2020; Morace et al. 2024).
In Japan, ipragliflozin was the first SGLT2 inhibitor
introduced to the market in 2014. Currently, six SGLT2
inhibitors are available for treating type 2 diabetes: ipra-
gliflozin, dapagliflozin, canagliflozin, empagliflozin, luse-
ogliflozin, and tofogliflozin. Additionally, ipragliflozin
and dapagliflozin have been approved for treating type
1 diabetes in Japan (Dixit et al. 2025; Abdul-Ghani et al.
2013). Recent cardiovascular outcome trials (CVOTs)
have demonstrated that SGLT2 inhibitors improve car-
diovascular and renal outcomes in patients, both with
and without type 2 diabetes mellitus (TD2M). Conse-
quently, the American Diabetes Association and the
European Association for the Study of Diabetes (EASD)
recommend SGLT2 inhibitors as a primary treatment
for TD2M (Buse et al. 2020). Cheng et al. (2016) investi-
gated the potential of the SGLT2 inhibitor empagliflozin
to preserve pancreatic B-cell mass and improve glycemic
control in a streptozotocin (STZ)-induced type 1 diabetes
mouse model. Their findings demonstrated that empagli-
flozin treatment significantly enhanced glucose tolerance
and elevated both serum insulin levels and insulin mRNA
expression. Immunohistochemical analysis revealed an
increase in P-cell area and proliferation (as indicated by
Ki-67 co-staining with insulin), alongside reduced {-cell
apoptosis and oxidative stress. These results suggest that
empagliflozin may support p-cell regeneration and func-
tion in type 1 diabetes, potentially by mitigating gluco-
toxicity-induced oxidative damage (Cheng et al. 2016).
Also, in 2022 study, Daniel Karlsson investigated the
effects of dapagliflozin, an SGLT2 inhibitor, on human
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islets transplanted into diabetic mice. The treatment
enhanced survival rates, reduced blood glucose levels,
and sustained C-peptide levels. Dapagliflozin stimulated
the proliferation of alpha and beta cells while decreas-
ing cell apoptosis. It also facilitated the transdifferentia-
tion from alpha to beta cells, evidenced by an increase in
glucagon/PDX-1 positive cells. In vitro studies showed
that dapagliflozin had no direct impact on islets, imply-
ing that its benefits in vivo are indirect. Overall, SGLT2
inhibition supports the function of human islets and may
assist in the regeneration of beta cells in diabetes (Karls-
son et al. 2022).

Prolactin

During pregnancy, the body produces lactogenic hor-
mones, such as prolactin, which can be attached to the
prolactin receptor (PLR) (Butler et al. 2010). The PLR
then transmits signals downstream through two main
pathways: the phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K)-AKT serine/threonine kinase (AKT)
pathway and the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathway (Bole-Fey-
sot et al. 1998). Initiation of proliferative factor transcrip-
tion is triggered when STAT proteins are transported
into the nucleus as a result of this signaling cascade. The
transcription of two important proliferative factors, oste-
oprotegerin (OPG) and serotonin (5-HT), is induced by
these signaling pathways (Kondegowda et al. 2015; Kim
et al. 2010). These molecules are then released into the
surrounding cellular environment (islet milieu) to sustain
mitogenic signaling. This can occur through an autocrine
mechanism, where the cells release these molecules and
then respond to them themselves, or through a parac-
rine mechanism, where neighboring cells respond to
the released molecules (Fujinaka et al. 2007; Butler et al.
2010). A study demonstrated that human recombinant
prolactin treatment increased in vitro survival of human
pancreatic beta cells by 37% but did not lead to an appar-
ent increase in proliferation (Yamamoto et al. 2010).

Proton Pump Inhibitors (PPls)

Proton pump inhibitors (PPIs) are frequently prescribed
medications aimed at treating acid-related disorders like
peptic ulcer disease, gastro-oesophageal reflux disease
(GORD), and Zollinger-Ellison syndrome (Czarniak et al.
2022). By blocking H+/K+ ATPase, PPIs act as potent
suppressors of gastric acid; however, they do elevate gas-
trin levels because of negative feedback mechanisms.
PPIs significantly increase serum gastrin levels, influenc-
ing glucose metabolism by promoting beta-cell growth
and enhancing insulin secretion. Gastrin is viewed as a
promising early incretin candidate, as it stimulates beta
cells to secrete insulin in diabetic animal models (Trang
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et al. 2021). Omeprazole, esomeprazole, lansoprazole,
pantoprazole, rabeprazole, and dexlansoprazole are the
six PPIs available today. Although they all share a struc-
tural similarity, their chemical stability at various pH lev-
els differs (Boj-Carceller 2013).

To address gastritis in diabetic persons, PPIs are
sometimes administered alongside metformin or DPP-4
inhibitors (such as alogliptin, linagliptin, saxagliptin, or
sitagliptin) or a combination of the two (Tasnim et al.
2024). In 2014, AnHye Kim and colleagues examined the
impact of proton pump inhibitors (PPIs) on the phar-
macokinetics and pharmacodynamics of metformin.
Their research revealed that the concurrent use of PPIs,
specifically pantoprazole and rabeprazole, resulted in a
substantial elevation of plasma metformin concentra-
tions. However, the influence of these PPIs on glucose
regulation was minimal and varied depending on the
specific PPI used (Kim et al. 2014). Also, a study con-
ducted in 2022 by Francisco Alejandro Lagunas-Rangel
and colleagues indicated that a triple-drug combination
of GABA, sitagliptin, and a PPI (referred to as A+B+C)
was more effective in preventing diabetes onset, increas-
ing C-peptide and insulin levels, lowering blood glucose,
and reducing the need for external insulin therapy in
severely diabetic mice (Lagunas-Rangel et al. 2022).

Kinase enzymes for beta cell proliferation

DYRK1A

DYRKI1A is implicated not only in neurodegenerative
disorders but also in cellular proliferation. Several inves-
tigations reveal that inhibiting DYRK1A promotes cellu-
lar growth, increases pancreatic islet mass, and improves
glycemic homeostasis in diabetic mice with a deficient
quantity of human islets (Shen et al. 2015). In 2012,
Annes et al. initially reported a DYRK1A inhibitor that
could potentially stimulate beta cell proliferation. The
study highlighted that 5-iodotubericidin (5-IT) could
induce the replication of rodent and porcine beta cells,
an outcome that was initially credited to the inhibitory
effects of 5-IT on adenosine kinase (Annes et al. 2012a).
DYRKI1A inhibitors consist of harmine (Bain et al. 2007),
leucettine-41 (Naert et al. 2015), GNF4877 (Liu et al.
2020a), GNF2133 (Liu et al. 2020b), OTS-167 (Alle-
gretti et al. 2020), 5-iodotubercidin (Dirice et al. 2016a),
1,5-naphridine, and CC-401 (Abdolazimi et al. 2018)
possess the ability to stimulate the replication of human
beta cells (Goode et al. 2022; Jarhad et al. 2018; Cerf
2013; Guo et al. 2022). Most DYRK1A inhibitors function
by inhibiting the kinase catalytic activity through com-
petitive inhibition of ATP at its ATP-binding site (Pucelik
et al. 2023; Nguyen et al. 2017). Treatment with harmine
in an in vitro environment led to an increased prolifera-
tion of human pancreatic beta cells, with levels reaching
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approximately 1.3%. This effect was achieved through
the activation of the DYRKIA-NFAT pathway, which
has been shown to stimulate the transcription of genes
related to cell proliferation, including regulators of the
cell cycle and IRS-2 receptors (Wang et al. 2015).

By blocking DYRK1A, harmine increases beta cell pro-
liferation in mice and humans by boosting the expression
of cell cycle target genes and easing the nuclear trans-
location of NFAT transcription factors (Fig. 2) (Wang
et al. 2015; Kwilas et al. 2015). Numerous combinational
trials have been studied to boost the effectiveness of
harmine. The simultaneous suppression of DRYK1A and
Transforming Growth Factor beta (TGEp) signaling was
demonstrated to effectively enhance the proliferation of
human beta cells synergistically while avoiding any det-
rimental consequences (Wang et al. 2019). Furthermore,
the administration of harmine and GLP1 combined with
human islets resulted in an average proliferation rate of
5%, comparable to the combination with TGF (Ackeifi
et al. 2020b). Moreover, Inhibiting DYRK1A in tandem
with inhibiting glycogen synthase kinase-3$18 or the
SMAD and trithorax pathways 3, or with activating the
glucagon-like peptide 1 receptor, has a deeper effect on
proliferation (Wang et al. 2019; Ackeifi et al. 2020; Shen
et al. 2015). Although several DYRK1A inhibitors have
been implemented for potential therapeutic use in neu-
rological disorders, cancer, and diabetes, developing a
DYRKI1A inhibitor that performs selectivity towards
beta cells while avoiding adverse reactions is a formida-
ble undertaking. As this enzyme is crucially functioning
in different cells and pathways, targeting this enzyme in
beta cells and specifically within the proliferation-related
pathway requires highly DYRKI1A-specific antago-
nists (Allegretti et al. 2020).

DYRK1A and GSK-3 inhibitors: GNF7156 and GNF4877

In an experiment, Shen and colleagues used data
acquired from previously established high-throughput
screening techniques to investigate beta cell proliferation
and generate compounds derived from an aminopyra-
zine scaffold for this purpose. Among the investigated
compounds, GNF7156 and GNF4877 were screened
as potential candidates for optimal beta cell prolifera-
tion (Shen et al. 2015a). The function of these two com-
pounds was verified as a GSK-3p inhibitor. Additionally,
it has been demonstrated that these compounds possess
the capability to impede the activity of the nuclear fac-
tor of activated T-cells (NFAT) kinases. The important
point is that they can inhibit DYRK1A in a specific man-
ner (Dirice et al. 2016b). This inhibition ultimately results
in the localization of NFAT in the cell nucleus, which is
crucial for promoting the proliferation of b-cells (Fig. 2)
(Shen et al. 2015a).
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Fig. 2 Exposure to elevated glucose levels causes increased intracellular

calcium in beta cells and leads to the activation of calcineurin A and B

(CnA and CnB). They remove phosphate groups from NFATc proteins, allowing them to enter the nucleus. The CN-NFATc pathway is important
for requlating beta cell growth. DYRK1A and Gsk3b kinases add phosphate groups to NFATc proteins, causing them to leave the nucleus.
Compounds like GNF4877 inhibit DYRKTA and Gsk3b, keeping NFATc proteins in the nucleus and promoting beta-cell proliferation

RANK Inhibitors: Osteoprotegrin and Denosumab

The findings of Kondegowda and colleagues indicate that
osteoprotegerin, a receptor primarily associated with
bone-related functions, has the potential to promote the
growth of beta cells. In a rodent study, the induction of
osteoprotegerin was found to be crucial for lactogen-
mediated replication of beta cells. This research indi-
cated that osteoprotegerin can boost the proliferation of
beta cells in mice of various ages, including those with
diabetes (Vetere et al. 2014). In light of these findings,
osteoprotegerin has the potential to be an effective thera-
peutic target in the management of pancreatic diabetes
and beta cell regeneration. Mechanistically, the induc-
tion of beta cell replication in both humans and rodents
by osteoprotegerin occurs through the modulation of the
CREB and GSK3 pathways. This modulation is achieved
by binding to the Receptor Activator of NF-kB (RANK)
Ligand (RANKL), which acts as a suppressor of beta
cell proliferation (Kondegowda et al. 2015). Denosumab
(DMB) is a widely used monoclonal antibody for treating

osteoporosis and bone metastases of tumors. It basically
works by binding to RANKL and inhibiting the interac-
tion with RANK (Fig. 3). Some studies have documented
that DMB can stimulate human beta cell proliferation
(Vetere et al. 2014; McClung et al. 2006).

Protease Inhibitor: SerpinB1

Kulkarni and colleagues adopted a more targeted meth-
odology using a specialized animal model of insu-
lin resistance, liver-specific insulin receptor knockout
(LIRKO) mouse, to investigate the crosstalk between
the liver and pancreatic islets (El Ouaamari et al. 2016).
This study revealed that the liver-derived circulating fac-
tors possess the capability to induce the proliferation of
pancreatic islets. Among these factors, SerpinBl, also
known as leukocyte-neutrophil elastase inhibitor, has
been discovered to have the ability to activate the insu-
lin/IGF signaling pathway. This activation leads to the
growth of beta cells in zebrafish, mice, and humans. Ser-
pineB1 facilitates the replication of b-cells through the
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interaction and promote the proliferation of b-cells

inhibition of serine proteases, such as pancreatic elastase.
This subsequently leads to the activation of ERK1 and
protein kinase cAMP-dependent type II regulatory sub-
unit b (PRKAR2B) (EI Ouaamari et al. 2016; Basile et al.
2022). Consistent with these results, SerpinB1 shows
promise as a therapeutic target for cellular diabetes ther-
apy and pancreatic islet regeneration (El Ouaamari et al.
2016; Docherty and Sussel 2021).

Glucokinase

Glucokinase is the principal glucose detector in hepato-
cytes and pancreatic beta cells, and regulating glucose
homeostasis is an essential role it performs (Porat et al.
2011). Several reports have documented the effectiveness
of small-molecule activators of glucokinase in improv-
ing the blood sugar of diabetic animal models. To do this,
these activators enhance beta cell insulin secretion and
liver glucose uptake (Matschinsky et al. 2011; Vetere et al.
2014). However, In the clinical stage of these activators,

some challenges were raised regarding the hypoglyce-
mic effect, heightened liver burden, and diminishing
efficacy over time (Thilagavathi et al. 2022). Dorzagliatin
is a unique and innovative dual-acting allosteric glucoki-
nase (GK) activator (GKA). It acts by directly binding to
a specific pocket located away from the active site of GK,
which enhances its ability to bind with glucose (Chow
et al. 2023; Zhu et al. 2018). Dorzagliatin is a highly effec-
tive medication that has been proven to improve glyce-
mic control in patients with TD2 significantly. Activating
glucokinase in a glucose-dependent manner enhances
insulin secretion, resulting in better management of
blood sugar levels. This medication is administered orally
and is quickly absorbed by the body, making it a conveni-
ent and reliable option for diabetic patients (Zhu et al.
2022). Several trials have been undertaken utilizing the
hepatoselective activator TTP399, targeting enhanced
glycemic regulation in TD1 patients, whereas the major-
ity of glucokinase activator trials have focused on TD2 in



Parsi et al. Cell Regeneration (2025) 14:39

humans (Goode et al. 2022; Klein et al. 2021). TTP399
has demonstrated remarkable potential in reducing gly-
cated hemoglobin levels in a clinically significant and
sustained manner as a selective activator of GK. This
hypoglycemic effect and further stimulation of beta cell
proliferation pose minimal risk of adverse effects, mak-
ing it a hopeful option for the fundamental and capable
therapy of both types of diabetes (Klein et al. 2022).

Adenosine kinase

A study by Annes JP et al. presents the progress of a
screening platform focused on the discovery of small-
molecule compounds that can enhance the replication of
beta cells. Through the utilization of this platform, they
were able to successfully identify a specific category of
compounds known as adenosine kinase inhibitors (ADK-
Is), that have shown the capacity to induce the replication
of primary beta cells across multiple species, including
mice, rats, and pigs (Annes et al. 2012b). It is noteworthy
that the replication-inducing effect of ADK-Is exhibits a
certain level of selectivity towards specific cell types. The
administration of ADK-Is to islet cell cultures has been
noted to enhance beta cell replication exclusively, with-
out any significant influence on the replication of a-cells,
PP cells, or fibroblasts (Annes et al. 2012b). In the experi-
ment of rat islets, two inhibitors of adenosine kinase,
namely 5-iodotubercidin (5-1T) and ABT-702, were dis-
covered as potential ones. These inhibitors were found
to exert their effects on the proliferation of beta cells
through the action of a nuclear isoform of ADK and, in a
manner, dependent on mTOR (Annes et al. 2012b; Vetere
et al. 2014; Goode et al. 2022). Furthermore, the adeno-
sine agonist 5 -N-FEthylcarboxamidoadenosine (NECA)
emerged as the most potent stimulator of beta-cell regen-
eration in zebrafish. The mechanism of action involves
the activation of the adenosine receptor, ADORA2A,
resulting in enhanced beta cell proliferation and expe-
dited restoration of normoglycemia (Andersson et al.
2012).

IkB Kinase and EBP1 Inhibitors

Shen et al. have performed a high-throughput assessment
of ~ 850,000 heterocycles in a cell-based assay, utiliz-
ing rodent beta cell lines R7T1 to find compounds that
promote the proliferation of beta cells (Shen et al. 2013).
Through their screen, a diarylurea WS1 was discovered,
which is a chemical compound capable of initiating cel-
lular proliferation. Following this, they proceeded to
synthesize an analogous compound, diaryl amide WS6,
which exhibited the ability to enhance the proliferation
of R7T1 cells (Shen et al. 2013). The affinity purification
method and tandem mass spectrometry found that WS6
can bind and block ERBB3 binding protein 1 (EBP1) and
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inhibitor of NF-kB kinase subunit ¢ (IKKe). EBP1 is a
well-known suppressor of the cell cycle. When interact-
ing with histone deacetylases and retinoblastoma protein,
the suppression of EBP1 can release the cell cycle and
lead to further proliferation. IKKe is involved in regulat-
ing the nuclear factor kB (NF «B) pathway (Kraan et al.
2014). These findings bring the idea together that EBP1
inhibitors can be a practical option for beta cell regenera-
tion in the case of pancreas degeneration.

Salt-inducible kinases

The members of the Salt-inducible kinases (SIK) family,
consisting of SIK1-SIK3, are recognized as serine/threo-
nine kinases that belong to the AMP-activated protein
kinase (AMPK) family (Sun et al. 2020). SIK2 has dem-
onstrated an essential role in beta cell function, as the
glucose-intolerant phenotype arises in beta cells—specific
Sik2 knockout animals due to compromised insulin secre-
tion (M. Kim 2004). In a recent work by Charbord et al., a
novel method using a luminescence ubiquitination-based
cell cycle indicator (LUCCI) in zebrafish was employed
to discover HG-9-91-01 as a driver for cellular prolifera-
tion, which was subsequently verified in both mouse and
human beta cells (Wagner 2022; Charbord et al. 2021).
Mechanistic investigations propose that the induction
of beta cell proliferation by HG occurs through the inte-
gration of multiple signaling pathways. These pathways
include ATF6-IRE1, CRTC1-CRTC2, and mTOR, all of
which have been individually recognized for their ability
to stimulate beta cell proliferation (Hussain et al. 2006; Xu
et al. 2014; Blandino-Rosano et al. 2012). In a separate
investigation carried out by Iorio et al., the enhancement
of human beta cells was demonstrated to be triggered by
selectively focusing attention on the GPCR GPR3-SIK2
pathway. Deprivation of GPR3 results in the activation of
Salt salt-inducible kinase 2, a crucial and definitive factor
in promoting the initiation of the cellular cycle, enhanc-
ing the mass of beta cells, and increasing insulin secre-
tion in mice (lorio et al. 2021). Surprisingly, the research
conducted by Iorio et al. demonstrated that the pan-SIK
inhibitor HG-9-91-01, when applied at a concentration of
2 uM, effectively hindered the process of cell proliferation
induced by GPR3 silencing. Conversely, in the investiga-
tion conducted by Charbord et al.,, the same inhibitor, at
concentrations ranging from 0.1 to 1 pM, was observed to
stimulate proliferation in zebrafish, mice, and human beta
cells. Notably, the impact on proliferation was negligible
when HG-9-91-01 was administered at a concentration
of 3 uM (Goode et al. 2022; Charbord et al. 2021; Iorio
et al. 2021). Furthermore, recent evidence has shown
that HG-9-91-01 can effectively inhibit the activity of the
kinase RIPK3 within comparable dosage intervals (0.5~5
uM). RIPK3 is essential in modulating TNFa-induced
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beta cell death in TD1 mouse models (Huang et al.
2022; Contreras et al. 2022).

Signaling pathways containing drug-induced
targets in beta cell proliferation

In the treatment of diabetes, there are various poten-
tial therapeutic targets that regulate B-cell proliferation
through different cellular signaling pathways (Table 3).

1) Insulin signaling pathways: PI3K-AKT/PKB signaling
pathway, calcium-mediated signaling pathway, RAS-
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extracellular signal-regulated kinase (ERK)/MAPK
signaling pathway (Stewart et al. 2015).

Growth factor signaling pathways: EGF family, NGE,
TGEP superfamily, PLGE, and Pref-1 signaling path-
way (Heydarpour et al. 2020).

Hormone signaling pathways: Hormones such as
thyroid hormone (TH), growth hormone (GH),
glucagon-like peptide 1 (GLP-1), IGF-1, and prol-
actin (PRL) as well as their corresponding receptors
(TR, GHR, GLP-1R, IGF-1R, and PRLR, respectively)
have been significantly linked to the survival, growth,

Table 3 Signaling pathways, therapeutic targets and mechanistic effects in trials of induced beta cell proliferation

Signaling pathway Target pharmacological Effect of Mechanism Measuring Ref
agents agent at methods
Target
Insulin signaling DYRKTA Harmine 5-IT Inhibition Reduces NFAT phos-  In-vitro Bain et al. 2007,
pathways GNF4877 phorylation In-vitro, In-vivo Dirice et al. 20164;
In-vitro, In-vivo Liu et al. 2020a
CREB Osteoprotegerin Activation Inhibit RANKL In-vivo Kondegowda et al.
from binding 2015
to RANK
Neutrophil elastase  SerpinB1 Inhibition Increasing the phos-  In-vivo El Ouaamari et al.
(NE) phorylation levels 2016
of MAPK
Gaba receptor Gaba Activation GABA stimulates In-vivo Purwana et al. 2014b;
beta cell replica- Hagan et al. 2022;
tion in transplanted Soltanietal. 2011
human islets
Growth factor signal-  TGF-BR SB431542 Inhibition Increases cell prolif-  In-vitro Lin et al. 2009
ing pathways eration by blocking
SMAD3 activation
Hormone signaling  IR/IGF1R Insulin IGF1 Activation Trigger beta cell In-vitro HU et al. 1998
pathways regeneration
by regulating
the PI3K-AKT axis
GLP1-R GLP-1 Activation Trigger beta cell In-vitro, In-vivo Fusco et al. 2017
Exendin-4 regeneration
by regulating
the PI3K-AKT axis
Wnt signaling GSK3p GNF7156 GNF4877  Inhibition Unknown In-vitro, In-vivo Liu et al. 2020g;
pathways Shen etal. 2015
GSK3p3 Osteoprotegrin Inactivation  Prevent the inter- In-vitro, In-vivo Kondegowda et al.
Denosumab action of RANKL 2015;
with RANK McClung et al. 2006
GSK3p SerpinB1 Inhibition Increasing phos- In-vivo El Ouaamari et al.
phorylation levels 2016
of GSK3(3
JAK-STAT signaling Prolactin receptor Recombination Activation Adding rhPRL In-vitro Yamamoto et al. 2010
pathways (PLR) human Prolactin to islet culture
(rhPRL) media enhanced
human beta cell
survival with-
out compromising
islet quality
TLR4 signaling NFkB WS6 Inhibition Enabling In-vitro Shenetal. 2013

pathway

NFkB to move
into the nucleus
and stimulate cell
growth
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proliferation, differentiation, and insulin secretion of
beta cells. These hormones may also be involved in
the interaction between PI3K-AKT, JAK-STAT, and
ERK (Huang and Chang 2014).

4) Wnt signaling pathways: The wnt signaling path-
way typically consists of extracellular Wnt ligands,
disheveled protein, Frizzled receptor, -catenin, axin,
GSK3p, and adenomatous polyposis colitis protein
(Xue et al. 2016).

5) JAK-STAT signaling pathways: The JAK-STAT path-
way has been linked to various cytokines, including
interleukin (IL)—1, —2, and —6, as well as hormones
like leptin, GH, placental lactogens, erythropoietin
(EPO), and PRL (Stewart et al. 2015).

6) TLR4 signaling pathway: A gene potentially impli-
cated in the onset of DM is toll-like receptor 4
(TLR4), predominantly found in innate immune
mechanisms (Shao et al. 2014).

Due to the variable involved in signaling pathways and
potential targets, there are several potential approaches
for further investigations and the development of thera-
peutic targets to address diabetes.

Clinical Challenges

Translational barriers

Preclinical studies in rodents and other animal models
have demonstrated encouraging results in drug-induced
regeneration of pancreatic beta cells. However, applying
these findings to human clinical settings creates consid-
erable challenges due to the complexity of human physi-
ology and interspecies differences, which pose concerns
about efficacy, safety, and scalability (Dirnagl et al. 2022).
Ensuring the safety and long-term effectiveness of regen-
erative therapies is crucial. Although preclinical stud-
ies are promising, applying these findings to humans has
proven challenging. Many regenerative molecules that
work in animal models fail during human trials. Off-tar-
get effects can pose risks, such as tumor development or
immune responses. Long-term studies are necessary to
assess the ongoing benefits and risks of these therapies,
ensuring that beta-cell regeneration does not lead to new
health problems (Wang et al. 2021; Levetan and Pierce
2013). The replicative capacity of human and rodent B
cells shares both similarities and differences. For instance,
in both species, B cell mass grows during early life stages
and decreases as they age. However, during pregnancy and
obesity, the adaptive b cell proliferation occurs extensively
in rodent beta cells, but is limited in humans (Levetan and
Pierce 2013). During pregnancy, insulin resistance leads to
increased insulin production to keep glucose levels stable.
In rodents, this rise in insulin production is linked to an
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increase in the number of beta cells, which is influenced
by lactotrophic hormones (Xu et al. 2015). However, in
humans, the proliferation of beta cells stimulated by lac-
totrophic hormones or other growth-inducing factors is
limited (Baeyens et al. 2016). Mitogenic agents, hormones,
and growth factors (GFs) like Glp-1, Gip-1, exendin-4,
prolactin, Hgf, and Igf-1 are known to stimulate beta cell
proliferation in rodent models. These substances play a
crucial role in the regulation of cell growth and division,
contributing to the maintenance and expansion of beta
cell populations in these animals. However, despite their
effectiveness in rodent B cells, these agents do not induce
the same proliferative response in human beta cells. This
discrepancy highlights the species-specific differences in
cellular signaling pathways and the challenges in trans-
lating findings from animal models to human biology.
Understanding these differences is essential for develop-
ing effective therapies targeting beta cell regeneration in
humans (Tella and Rendell 2015; Fusco et al. 2017; Menge
et al. 2008; Saisho et al. 2013).

The Promise and Pitfalls of DYRK1A Inhibitors

DYRKI1A inhibitors show significant promise in preclini-
cal models by promoting human beta cell proliferation
and enhancing beta cell function. However, several critical
limitations have hindered their advancement to clinical
trials. A primary concern is the lack of selectivity among
current DYRKI1A inhibitors (Chen et al. 2024). No small
molecule inhibitor targeting DYRK1A is entirely selective;
all tested inhibitors also affect numerous other kinases,
leading to worries about off-target effects and poten-
tial toxicity in humans (Ullsten et al. 2025). For instance,
GNF4877 interacts with 254 out of 468 human kinases,
indicating high promiscuity (Shen et al. 2015c). Simi-
larly, 5-iodo-tubericidin (5-IT) inhibits 102 kinases. Even
relatively selective inhibitors like harmine and compound
2-2¢ inhibit 8~9 kinases, including DYRK1A, DYRKI1B,
DYRK2, and members of the CLK family (CLK1, CLK2)
(Dirice et al. 2016¢; Kumar et al. 2020). The broad inhi-
bition raises significant concerns about off-target effects
that could lead to toxicity or unintended physiologi-
cal outcomes if applied in humans. For example, while
GNF4877 effectively inhibits DYRK1A, its lack of selec-
tivity likely disrupts pathways essential for beta cell dif-
ferentiation, as it was found to block harmine’s ability to
promote differentiation. This indicates that some inhibi-
tors might even counteract desired therapeutic effects
due to their off-target activities (Dirice et al. 2016c).
The mechanism by which DYRKI1A inhibitors enhance
beta cell differentiation remains unclear. Initially, it was
believed that inhibiting DYRK1A would promote both
proliferation and differentiation, but experiments showed
that silencing DYRKI1A induced proliferation without
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affecting differentiation markers (Wang et al. 2024). This
unexpected result suggests that compounds like harmine,
2-2¢, and 5-IT might target other unknown entities
beyond DYRK1A. Additionally, while harmine, 2-2¢, and
5-IT improve differentiation and function, most other
DYRKIA inhibitors do not, highlighting inconsistency
within this class. Efforts to pinpoint other responsible tar-
gets by examining related kinases like DYRK1B, DYRK2,
DYRK3, DYRK4, the CLK family, the DREAM com-
plex, and NFAT proteins were unsuccessful, as silencing
these did not replicate the differentiation effects (Ackeifi
et al. 2020). The exact “pro-differentiation target” is still
unclear, likely needing unbiased proteomic approaches
for identification. Challenges like low selectivity, poten-
tial off-target effects, and incomplete mechanism insights
explain why DYRKIA inhibitors, despite encouraging
in vitro and animal model outcomes, have not advanced
to clinical trials for diabetes therapy (Wang et al. 2024).

Conclusions and perspectives

Among the most basic ways to treat DM, drug-induced
regeneration of pancreatic beta cells shows promise.
However, there is significant knowledge of studies that
highlighted the critical biological aspects of regeneration,
exploring the mechanisms and cellular activities that
enable the regeneration and renewal of beta cells (Bour-
geois et al. 2024); in this study, we shift the attention to
the pharmacological agents used in beta cell regeneration
trials and their intracellular targets and beneficial points
achieved in the previous trials. These data can explain
the ways in which medications and therapeutic agents
may enhance the regeneration of insulin-secreting beta
cells in the pancreas practically for the field researchers.
By exploring pharmacological strategies that promote
beta cell growth and function, we can select the optimal
and improved targeted treatments in the future diabe-
tes regeneration trials of diabetes in clinical regenerative
medicine. This review has indicated the importance of
targeting specific enzymes involved in the regeneration
process as potential therapeutic targets. By modulating
the activity of these enzymes, it is possible to enhance the
regeneration of pancreatic beta cells and improve their
function. Several key enzymes have the potential to be
pharmacologically induced for optimal beta cell regenera-
tion. These include enzymes involved in cell proliferation,
differentiation, and survival pathways. Targeting these
enzymes with specific drugs or small molecules holds
great potential for promoting beta-cell regeneration and
restoring normal glucose homeostasis in individuals with
diabetes. Current agents are in their early stages, focus-
ing on promoting beta cell differentiation. However,
directly altering transcription factors is complex, and
more upstream biomolecular targets are being sought.
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One significant discovery in this field is the identifica-
tion of DYRK1A, a key protein kinase that plays a role in
regulating beta cells. This discovery offers possibilities for
diabetes treatment, as DYRK1A operates in the prolifera-
tion and differentiation of beta cells, presenting it as an
appropriate target for enhancing beta cell regeneration.
Modulating the activity of DYRK1A kinase toward beta
cell differentiation suggests that the “diabetic kinome”
could be a goal for future diabetes therapies. Both scien-
tific research and the pharmaceutical industry have rec-
ognized the significance of DYRKIA kinase in various
molecular processes, indicating its potential as a target
for developing new treatments for diabetes. Nonetheless,
there have been efforts to develop and study DYRK1A
inhibitors for the potential treatment of various condi-
tions, including neurological disorders, cancer, and dia-
betes. However, the challenge lies in finding an inhibitor
that specifically targets beta cells without causing adverse
reactions. One potential solution is to use putative beta
cells targeting ligands to deliver the inhibitors, ensuring
they are exclusively delivered to the beta cells. In addition
to this, there are other suggested methods for transfer-
ring inhibitors of this enzyme to beta cells in a specific
manner, including Antibody—Drug Conjugates, Peptide-
Drug Conjugates, Small Molecule-Drug Conjugates, and
Zinc Chelating Small Molecule-Drug Conjugates. Given
the significance of this enzyme in beta cell growth and
proliferation, these strategies seek to guarantee the speci-
ficity of compounds that inhibit it. Therefore, choosing
this enzyme for future studies is a promising option and
demands a sophisticated screening of inhibitors within
in vitro and in vivo trials of pancreatic regeneration.
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