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ABSTRACT  On 11 January 1922 insulin injection was used for the first time in the treatment of 
diabetes. Even today, daily insulin injections are the life-saving treatment for patients with Type 1 
diabetes and advanced Type 2 diabetes. However, insulin injections often fail to achieve full glucose 
control, which in the long-term leads to multiple complications and mortality. Beta-cells, the natural 
producers and secretors of insulin, remain the gold-standard in regulating blood glucose levels. In 
this review, we focus on three strategies aiming at counteracting beta-cell loss in order to gain in-
sulin independence: replacement, replication and protection. The three approaches, together termed 
as the triumvirate of beta-cell regeneration, may constitute the basis for a future cure for diabetes. 
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Introduction

Diabetes mellitus is a metabolic disorder characterized by 
pathological elevation of blood glucose levels. Sustained hyper-
glycemia results in tissue damage and secondary complications 
such as retinopathy, diabetic foot ulcer, neuropathy, cardiovascular 
diseases and stroke - causing morbidity and mortality. Currently, 
more than 400 million people worldwide are affected by diabetes. 
The burden caused by the disease is ever-growing with diabetes 
incidences increasing by 50% in the next 25 years, making it an 
epidemic of the century (Ogurtsova et al., 2017). 

The responsibility for maintaining normoglycaemia falls on the 
beta-cells, located within the islets of Langerhans in the pancreas. 
Beta-cells sense blood glucose and secrete the hormone insulin in 
response to elevated glucose levels. Insulin action on target tissues, 
such as muscle, liver and adipocytes, increases glucose intake 
and storage (Fig. 1). Lack of sufficient insulin for regulating blood 
glucose levels underlies development of diabetes (Fig. 1). Type 1 
diabetes (T1D), accounting for 10% of all cases, is characterized 
by autoimmune attack on the beta-cells resulting in beta-cell loss 
and insulin deficiency. Type 2 diabetes (T2D), the most prevalent 
form of diabetes, is characterized by defects in insulin action and 
insulin secretion (Kahn, 2003). Insulin action is blunted due to 
peripheral insulin resistance, while insulin secretion can diminish 
due to beta-cell dysfunction, with advanced T2D cases showing 
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signs of beta-cell loss. 
Insulin replacement therapies have been utilized to counteract 

insufficient insulin in diabetic patients. The first human insulin 
injection was performed on January 11, 1922 by Banting and 
Best (Quianzon and Cheikh, 2012). The 14-year old boy receiving 
insulin injections showed mild reduction in blood glucose levels. 
Subsequent improvements in insulin purification yielded encourag-
ing results, and won Banting, Best and Macleod the Nobel Prize 
in 1923. Till date, insulin therapy remains obligatory for T1D and 
advanced T2D patients. 

In-spite of the life-saving impact of insulin therapy, the delivery 
regimens remain sub-optimal. Bolus insulin injections result in 
wide fluctuations in glucose levels throughout the day (Bolli et al., 
1999), potentially due to the failure to mimic physiological deliv-
ery of insulin. Importantly, inaccurate insulin dosing could have 
deadly consequences of hypoglycemic episodes, a condition of 
low blood glucose potentially leading to coma and brain death. 
Thus, it remains critical to find alternative strategies to supply the 
appropriate amount of insulin to diabetic patients. This review will 
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or designer beta-cells, and the in vivo reprogramming of somatic 
cells to beta-cells. 

In vitro generation of functional beta-cells from pluripotent 
stem cells 

Two types of pluripotent stem cells provide the key source for 
beta-cells: the human embryonic stem cells (hESCs) (Thomson et 
al., 1998) and induced pluripotent stem cells (iPSCs) (Takahashi 
et al., 2007). Both pluripotent stem cells provide unlimited pro-
liferative capacity in vitro, enabling access to large quantities of 
cellular material required for replacement therapies. Differentiation 
of the pluripotent stem cells towards beta-cells is carried out in a 
step-wise manner that recapitulates the development of beta-cells 
in vivo (Pagliuca and Melton, 2013). Cocktails of growth-factors 
and small molecules are used to coax the pluripotent stem cells 
through a multi-stage process with clear signposts: definitive en-
doderm, pancreatic endoderm, endocrine-progenitor and beta-cell. 
Although the process looks linear and straight-forward, the last step 
of the differentiation protocol, formation of functional beta-cells, 
proved to be the most challenging. Initial reports only managed 
to produce beta-cells with poor glucose-response (D’Amour et al., 
2006) or poly-hormonal endocrine cells (Bruin et al., 2014). The 
poly-hormonal cells produce glucagon and somatostatin along 
with insulin. However, two promising observations sparked hope 
that critical factors still need to be discovered in order to achieve 
formation of functional beta-cells. First, the transplantation of fetal 

focus on the beta-cells, the natural providers of insulin. We outline 
the three most promising cellular strategies aimed at restoring the 
appropriate mass of functional beta-cells. Replenishment of beta-
cells by the means of replacement, replication and/or protection 
provide, in principle, the major advantage of achieving autonomous 
control of blood glucose levels. 

The first of the triumvirate: replacement

In Type 1 diabetes, over 70% of beta-cell mass is lost (Mat-
veyenko and Butler, 2008), while in Type 2 diabetes, the loss var-
ies between 20-60% (Cho et al., 2011). The replacement of lost 
beta-cells via cell replacement therapy has led to multiple cases 
of diabetes reversal (Ricordi and Strom, 2004; Squifflet et al., 
2008). However, the widespread adaptability of cell replacement 
therapy is hampered by the lack of sufficient transplantation tissue. 
For example, to achieve insulin independence it is necessary to 
transplant ~ 106 islets per patient, which requires collection from 
two to four donor pancreata (Health Quality Ontario, 2015). Donor 
shortages have restricted cell based therapies to Type 1 diabetic 
patients that are refractory to all other interventions, also called 
‘brittle’ patients. Therefore, an urgent need exists for developing 
alternative sources of pancreatic islets. In this section of review, 
we will focus on two areas that hold the potential to provide an 
unlimited supply of functional human beta-cells. The two areas 
include in vitro derivation of beta-cells from pluripotent stem cells 

Fig. 1. Role of beta-cells in regulating blood glucose 
and development of diabetes. Pancreatic beta-cells, 
residing within the islet of Langerhans, sense blood 
glucose levels and secrete appropriate amounts of 
insulin. Insulin works on peripheral tissues, such as 
liver, muscle and adipocytes, for enhancing glucose 
utilization and storage. In cases of beta-cell loss, 
dysfunction or development of insulin resistance, suf-
ficient insulin is not produced to keep blood glucose 
in check, leading to the development of diabetes.
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al., optimized previous differentiation methods to develop a seven-
stage protocol to generate functional beta-cells in vitro (Rezania et 
al., 2014). The last two stages of the protocol focused on two key 
transcription factors critical in establishing beta-cell functionality in 
vivo: NKX6.1 (Taylor et al., 2013) and MafA (Zhang et al., 2005). 
The authors enhanced expression of NKX6.1 in the stage 6 culture 
using thyroid hormone (T3), g-secretase inhibitor, ALK5 inhibitor, 
BMP receptor inhibitor and heparin. The ALK5 inhibitor specifically 
inhibited the sustained expression of NGN3, a transcription factor 
whose temporally-restricted expression is crucial for formation 
of diverse endocrine lineages (Johansson et al., 2007). In turn, 
NGN3 inhibition reduced the formation of polyhormonal cells. The 
authors subsequently screened for compounds that could induce 
the expression of MafA, and identified the small molecule (R428), 
an inhibitor of tyrosine kinase receptor AXL, which helped to de-
rive so-called mature stage 7 (S7) beta-cells. The S7 beta-cells 
showed detectable response to glucose stimulation, as judged by 
intracellular calcium imaging. However, when compared to human 
islets, the S7 beta-cells exhibited glucose-induced calcium flux 
with lower amplitude and a longer time to peak. Even with the 
dulled characteristics, the S7 beta-cells were capable of reversing 
hyperglycemia within 40 days in a STZ-induced diabetic mice. 

The second report by Pagliuca et al., devised a protocol for 
generation of beta-cells whose in vivo function appeared to closely 
resemble that of human beta-cells (Pagliuca et al., 2014). They 
modified the culture conditions by using a suspension-based 3D 
culture in contrast to the conventional monolayer culture system, 
and their new differentiation protocol made several modifications, 
included the addition of thyroid hormone (T3) and g-secretase 
inhibitor (similar to Rezania et al.) for induction of endocrine fate. 
The defining feature of the study was the validation of glucose 

Fig. 2. Differentiation of pancreatic 
lineages. The figure represents a Wad-
dington landscape denoting a “moun-
tain” with its various “valleys.” The top 
of the mountain depicts the multipotent 
gut endoderm, whereas differentiated 
endocrine and exocrine cells are found 
at the bottom of the mountain. The cell 
proceeds from the top of the mountain 
to the bottom via multiple courses that 
are defined by activation of specific 
transcription factors, further outlined 
in Box 1. 

Box 1 - An introduction to beta-cell development

During mouse development, beta-cells are derived from the distal 
foregut endoderm in a step-wise manner (Pan and Wright, 2011), 
which can be visualized by a Waddington landscape (Fig. 2). Regions 
of the foregut endoderm expressing Pdx1 (pancreatic and duodenal 
homeobox 1) form two buds of pancreatic endoderm. These buds (a 
dorsal and a ventral one) fuse and subsequently expand due to the 
proliferation of the pancreatic progenitors marked by Pdx1+ and the 
basic helix–loop–helix transcription factor Ptf1a (pancreas transcrip-
tion factor 1a). The pancreatic progenitors subsequently differentiate 
into committed progenitors for the endocrine and exocrine lineages. 
The endocrine lineage is pushed along the Waddington landscape by 
the activation of transcription factors Neurogenin3 (Ngn3), Nkx6.1, 
and Nkx2.2. Terminal differentiation of endocrine progenitors into 
different endocrine cell types involves complex genetic interactions. 
Specifically, differentiation into alpha-cells involves the expression 
of the transcription factor Arx and MafB; while the differentiation of 
beta-cells involves expression of Pax4, which antagonizes Arx func-
tion. In addition, suppression of MafB together with the activation 
of MafA-expression, and the actions of Isl1 and NeuroD1 are all 
critical for the formation of functional beta-cells. Finally, the exocrine 
lineage, which give rises to ductal and acinar cells, diverges from 
the endocrine lineage by active Notch signaling and expression of its 
downstream target Hes1. Ptf1A continues to be important for acinar 
differentiation, whereas Sox9 promotes ductal identity.

islet-like clusters into nude mice led to their maturation into glucose-
responsive beta-cell in vivo (Beattie et al., 1997). Furthermore, 
transplantation of pancreatic endoderm derived from hESCs gave 
rise to functional beta-cells, which rescued the transplanted mice 
from STZ-induced hyperglycemia, a 
model of Type 1 diabetes (Kroon et 
al., 2008), indicating that the in vivo 
environment provides critical factors 
for beta-cell maturation. 

The success of differentiating 
pancreatic endoderm into functional 
beta-cells in vivo started a search for 
the missing factors that could reca-
pitulate the process in vitro. Three 
simultaneous advances recently 
showed generation of beta-cells ca-
pable of glucose-responsive insulin-
secretion (GSIS) in vitro. Rezania et 
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responsiveness for the stem cell-derived beta-cells (SC-b cells). 
SC-b cells responded to multiple rounds of glucose challenge, as 
tested by measuring intracellular calcium flux. Transplantation of 
SC-b cells under the kidney capsule of immunocompromised mice 
increased human insulin levels following a glucose challenge in 
27/37 (73%) of animals. Further, SC-b cells reduced fasting and 
post-prandial glucose levels in the Akita mice, a model of diabetes 
(Yoshioka et al., 1997). 

The third report by Russ et al., further refined the protocol for 
generating functional beta-cells in vitro by recapitulating the se-
quence of embryonic events required for specification of beta-cell 
precursors rather than alpha-cell precursors (Russ et al., 2015). 
They reported that addition of BMP inhibitors in previous proce-
dures led to the formation of polyhormonal cells, and thus avoided 
their use in their protocol. Additionally, similar to Rezania et al., 
Russ et al., fine-tuned the culture condition to precisely control 
the timing of NGN3 expression, enhancing the production of glu-
cose responsive beta-cells. The hESC-derived beta-cells showed 
glucose responsiveness after transplantation in mice, suggesting 
their therapeutic potential. 

In addition, beta-cells were reported to be generated from fibro-
blasts without the intermediate pluripotent step (Zhu et al., 2016). 
Human foreskin fibroblasts were reprogrammed to endodermal 
progenitor cells by employing non-integrative episomal reprogram-
ming factors (Oct4, Sox2, Klf4 and a short hairpin RNA against 
p53) in combination with specific growth factors and chemical 
compounds. The endodermal progenitor cells were differentiated 
in a step-wise manner towards beta-like cells, though with a fairly 
conservative (15%) efficiency. The induced beta-like cells protected 
mice from STZ-induced diabetes, providing a proof-of-principle 
of obtaining functional cells directly from fibroblasts. In summary, 
studies deriving functional beta-cells in vitro represent a significant 
step towards clinical translation. 

Identification of in vivo factors inducing beta-cell maturation
Differentiation of pluripotent stem cells into mature functional 

beta-cells in vitro has made tremendous progress, but it still re-
mains inefficient. The differentiation protocols are multiple weeks 
long, and not all beta-cells generated in vitro respond to glucose. 
Lessons from developmental biology, which have played a large 
part in developing existing protocols for in vitro differentiation, 
could further contribute in improving the robustness of the beta-cell 
maturation process. In mice and rats, a dramatic process of func-
tional maturation occurs in early postnatal stage, specifically during 
weaning period when the new born mice switch from mother’s milk 
to solid food (Jacovetti et al., 2015; Stolovich-Rain et al., 2015). 
Weaning enhances glucose-dependent ATP production in beta-
cells, an intermediate step in GSIS. Transcriptomic comparison of 
pre-weaned and adult beta-cells revealed upregulation of genes 
involved in metabolic and mitochondrial activity during maturation 
(Yoshihara et al., 2016). Specifically, estrogen-related receptor g 
(ERRg), a key mitochondrial gene regulator, was induced upon 
beta-cell maturation. Knockout of ERRg reduced GSIS ex-vivo, 
whereas its over-expression using adenoviruses improved the 
functionality of beta-cells derived from iPSCs (Yoshihara et al., 
2016). Moreover, the ERRg over-expressing beta-cells rescued 
hyperglycemia in STZ-induced diabetic mouse model. The over-
expression of ERRg, an orphan receptor, using adenoviruses and 
the transplantation of 10 million iPSC-derived beta-cells for res-

cue experiment might limit the applicability of the system, but the 
approach offers a promising strategy to discover new factors that 
mimic the in vivo maturation process during weaning. 

In vivo models for visualization and large-scale screening for 
beta-cell maturation would greatly aid the search for maturity factors. 
In this case, zebrafish could play a vital role. Work from our group 
has shown that zebrafish beta-cells become glucose-responsive 
and express the orthologue of the mammalian maturity marker, 
urocortin3, within 4 days after birth (Singh et al., 2017). In addition, 
T3-supplementation enhances zebrafish beta-cell function, in striking 
agreement with the established differentiation protocols (Matsuda et 
al., 2017). The short time-window of beta-cell maturation in zebrafish, 
combined with the optical transparency of zebrafish larvae make 
it a suitable model for small molecule screens for compounds that 
enhance or reduce beta-cell maturity. The feasibility and success 
of such screens remain to be explored. 

Designer beta-cells
In essence, a beta-cell senses glucose and responds by se-

creting the appropriate amount of insulin. Using synthetic biology, 
the sensor-responder circuit was artificially engineered in human 
cells by Fussenegger and colleagues (Xie et al., 2016). The study 
programmed human embryonic kidney-293 (HEK-293) cells to 
couple high-levels of extracellular glucose concentration with 
transcription of insulin and GLP-1 gene. It achieved the coupling 
by utilizing a genetic cascade of glycolysis-mediated calcium entry 
to an excitation-transcription system. Quantitative analysis of the 
glucose-sensing cascade will allow to fine-tune glucose-induced 
insulin release and functional consistency among the engineered 
beta-cell mimetics. Microencapsulated designer cells transplanted 
in a mouse T1D model robustly restored glucose homeostasis for 
at-least three weeks. The performance of the designer cells was 
comparable to human islets tested in similar settings. The easy 
availability of HEK-293 cells, the fine control over the performance 
parameters and the flexibility to deliver multiple anti-diabetic proteins 
show that designer beta-cell can become an attractive alternative 
for beta-cell replacement therapy. 

Cell replacement via in vivo reprogramming
In vivo reprogramming, where the identity of one cell type is 

switched to another, could provide a promising road towards regen-
erative therapy. Early example of in vivo reprogramming included 
transformation of fibroblasts into muscle cells with the use of a single 
transcription factor, Myod (Davis et al., 1987). It foreshadowed a 
revolution where cellular identity alterations were pushed to the 
extreme. Beta-cell regenerative biology is no exception. In this 
section, we will focus on possible conversions of different somatic 
cells into beta-like cells in order to augment insulin production in 
vivo (Fig. 3). 

Helpful neighbors: reprogramming pancreatic lineages to beta-cells
The endocrine tissue develops from common progenitors (Fig. 

2). The close lineage relationship among endocrine cells raises 
the possibility that cellular reprogramming could occur with fewer 
roadblocks. For example, alpha-cells, the cellular neighbors of beta-
cells, were shown to naturally transdifferentiate into beta-cell after 
near complete beta-cell ablation (Thorel et al., 2010). Moreover, 
single transcription factor manipulations, such as loss of a Arx or 
over-expression of PDX-1 or Pax4, were shown to be sufficient 
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to promote alpha- to beta-cell conversion in mice (Al-Hasani et 
al., 2013; Courtney et al., 2013; Yang et al., 2011; Zhang et al., 
2016). Importantly, Pax4-mediated alpha- to beta-cell conversion 
could counter multiple rounds of STZ-treatment mediated diabetes 
(Zhang et al., 2016). Pharmacologically, g-aminobutyric acid (GABA) 
potentiates this conversion by down-regulating Arx activity (Ben-
Othman et al., 2017). Interestingly, the loss of alpha-cells due to 
beta-cell conversion was shown to be compensated by de-novo 
alpha-cells differentiation from progenitors lining the pancreatic 
ducts (Al-Hasani et al., 2013; Ben-Othman et al., 2017), providing 
an abundant source for reprogramming. In zebrafish, it was reported 
that the trans-differentiation event could be enhanced by induction of 
insulin‐like growth factor binding‐protein 1 (Igfbp1) (Lu et al., 2016) 
and requires the action of glucagon gene product (Ye et al., 2015). 

Besides the endocrine cells, the exocrine tissue, composed 
of acinar cells and the branched ductal network, could provide 
additional cellular sources for reprogramming. Acinar cell fate re-
specification towards the beta-cell fate was shown to be possible 
by viral expression of three transcription factors Ngn3, PDX-1 and 
MafA (NPM factors) (Zhou et al., 2008). Subsequently, improvement 
in reprogramming efficiency using a single polycistronic construct 
expressing the NPM factors showed enhanced beta-cell conversion, 
islet formation and survival for up to 13 months in mice (Li et al., 
2014). The induced beta-like cells were reported to acquire GSIS in 
vivo and reduce hyperglycemia in STZ-treated model of diabetes. 

During early development, cells within the vast ductal network 
of the pancreas naturally generate beta-cells but this progenitor 
potential declines after birth (Solar et al., 2009). The capacity of 
adult mammalian ductal cells, or a subset of them, to generate beta-
cells remains controversial (Beer et al., 2016). In contrast, ductal 
cells in zebrafish retain the ability to generate beta-cells (Delaspre 
et al., 2015; Ghaye et al., 2015; Ninov et al., 2013). Investigation 
into the factors that allow adult ductal cells to give rise to beta-cells 
could open possibilities of reawakening the differentiation capacity 
of adult human ductal cells. The possibility for such enhancement 

was demonstrated by over-expression of NPM factors along with 
Pax6, which transformed ductal cells into beta-cells (Lee et al., 
2013). Intriguingly, 2% of adult human ductal and acinar cells express 
Ngn3, and such cells could be differentiated into endocrine cells 
that resemble beta-cells (Gomez et al., 2015). In addition, NGN3 
expression within the ductal cells could be enhanced by the action 
of cytokines in a STAT3-dependent manner (Valdez et al., 2016). 
Therefore, manipulating the ductal cells could provide an exciting 
cellular source of beta-cells. 

Diet based enhancement of pancreas plasticity
Eating a healthy, balanced diet low in carbohydrates is the 

first advice given to newly diagnosed diabetes patients. Dietary 
regulation might additionally benefit diabetes therapy by promoting 
de-novo generation of beta-cells via enhanced cellular plasticity in 
the pancreas (Cheng et al., 2017). The beneficial role of dietary 
interventions was recently revealed by placing STZ-treated mice on 
weekly cycles of 4-day fasting-mimicking diet (FMD) followed by 3 
days of regular diet. Notably, this study reported that STZ-induced 
hyperglycemia was corrected within 60 days in mice on FMD, but not 
in ad libitum fed animals. Detailed molecular and histological analysis 
revealed an upregulation of developmental genes including Sox17 
and NGN3 in pancreatic islets of FMD fed animals and a role for the 
Ngn3+ cells in the generation of de-novo beta-cells. The potential 
benefit of FMD on enhancement of beta-cell mass, in addition to its 
improvement of insulin sensitivity, suggest that pancreatic plasticity 
can be induced even without the over-expression of transcription 
factors. Further studies will be necessary to determine the feasibility 
of this approach for clinical applications in beta-cell regeneration. 

De(Liver)ing beta-cells
Harnessing the liver as a cellular source for beta-cells presents 

an encouraging opportunity because of its close developmental 
origin with the pancreas, as well as its high regenerative capacity. 
Liver cells can be reprogrammed to beta-cells by expression of a 

Fig. 3. Cellular sources for in vivo reprogramming into beta-cells. Terminally differentiated somatic cells can be used to generate beta-cells in vivo by 
changing their cellular identity. Pancreatic endocrine and exocrine cells, liver, stomach and intestinal cells provide a viable source for cellular reprogramming. 
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single transcription factor, PDX-1 (Ferber et al., 2000). However, 
PDX-1 alone could transform less than 1% of hepatocytes. Im-
provement in efficiency of transformations were made possible by 
co-expression of additional endocrine transcription factors, Ngn3, 
MafA, Pax4 or NeuroD along with PDX-1 (Berneman-Zeitouni et 
al., 2014; Ham et al., 2013). In addition to hepatocytes, Sox9+ bile 
duct cells of the liver can also be reprogrammed by a polycistronic 
vector containing Ngn3, PDX-1 and MafA (NPM factors) (Banga 
et al., 2012). 

In an alternative strategy, hepatocytes were reprogrammed to 
pancreatic progenitor-like state by expression of a TALE homeopro-
tein, TGIF2 (Cerdá-Esteban et al., 2017). TGIF2 is developmentally 
expressed and controls the pancreas versus liver decision in the 
endoderm. Notably, tgif2 misexpressing hepatocytes underwent 
transcriptional remodeling and were specified towards the pancre-
atic lineage. The pancreatic progenitor-like cells generated in vitro 
were transplanted into the Akita mouse model of diabetes, wherein 
they differentiated to produce urocortin3+ and insulin+ cells and 
reduced blood glucose levels, suggesting their therapeutic potential. 

Reprogramming of liver cells to beta-cells could have potential 
clinical impact since liver offers a permissive location for long-term 
survival and functionality of beta-cells, as suggested by the delivery 
of islets into the liver via the portal vein during human islet trans-
plantation. However, care needs to be taken to generate properly 
differentiated structures, as constitutive expression of PDX-1 in 
liver has been shown to cause abnormalities in lobe structures 
and multiple cystic lesions (Miyatsuka et al., 2003). 

Harnessing the regenerative potential of gut to rejuvenate beta-
cell mass

Human gut epithelium has an estimated turnover of 100 billion 
cells per day (Barker, 2013). Reprogramming the gut to insulin 
producing cells would benefit from the highly proliferative cellular 
source. In vivo reprogramming of gut cells was first shown with 
the ablation of FOXO1 transcription factor in Ngn3 expressing 
cells (Talchai, Xuan, Kitamura, et al., 2012). Ngn3 expression 
marks progenitor cells for pancreatic endocrine and the gut 
enteroendocrine lineage (Schonhoff et al., 2004). Knockout of 
FOXO1 increased the expression of beta-cell transcription fac-
tors PDX-1, MafA and Nkx6.1, and induced expression of insulin 
likely via the miss-differentiation of the gut enteroendocrine cells 
into insulin-producing cells. The therapeutic potential of beta-like 
cells resulting from FOXO1 inhibition might be restricted due to 
the important role of FOXO1 in beta-cell functional (Kobayashi et 
al., 2012). Thus, it will be important to develop means to induce 
reprogramming without interfering with FOXO1 function. For in-
stance, recently, cells in the intestine and the stomach could also 
be reprogrammed to beta-like cells using the expression of NPM 
factors (Ngn3, PDX-1 and MafA) (Ariyachet et al., 2016; Chen et 
al., 2014). NPM expression in the intestine generated transient 
islet-like structures containing both insulin and glucagon-expressing 
cells. It will be important to develop pharmacological cocktails that 
can induce this reprogramming in order to explore the feasibility 
of this approach for clinical translation. 

Apart from genetic manipulations, conversion of intestinal epi-
thelial tissue was shown by stimulation with the inactive full-length 
form of glucagon-like peptide -1 (GLP-1(1-37)) (Duan et al., 2015). 
GLP-1(1-37) was delivered via expression in human lactobacilli that 
was administered orally in rats or in vitro to human epithelial tis-

sue. In both instances, transformation of gut cells to beta-cells was 
observed along with expression of MafA and PDX-1. Rats treated 
with GLP-1(1-37) displayed reduced hyperglycemia in STZ-induced 
model of diabetes. The efficacy of the approach in humans remains 
to be determined, but would be interesting to couple this approach 
with the probiotics revolution in managing disease. 

The second of the triumvirate: replication

Within 5 years of birth, we have established most of the beta-cell 
population that will serve us throughout life (Gregg et al., 2012). The 
establishment of beta-cell mass includes a short burst of beta-cell 
proliferation during infancy, with the rate of replication decreasing 
as one gets older (Meier et al., 2008). In adulthood, periods of 
accelerated increase in beta-cell mass are restricted to times of 
intense metabolic demand, such as obesity or insulin resistance 
(Klöppel et al., 1985; Saisho et al., 2013). For instance, induction 
of insulin resistance in mouse hepatocytes triggers the expression 
of the secreted protein, SerpinB1, which can stimulate beta-cell 
replication in mouse and human islets (El Ouaamari et al., 2016). 

The possibility to treat diabetes by beta-cell replication has 
been validated in mice, where specific and conditional genetic 
ablation of a subset of beta-cells induced regeneration via pro-
liferation of the spared beta-cells (Nir et al., 2007; Shamsi et al., 
2014). Similar to humans, the adult beta-cell population in mice 
is established during postnatal stage in large part by replication 
of differentiated beta-cells (Dor et al., 2004). However, the rate of 
adult human beta-cell proliferation, unlike in mice, is much lower, 
which can be attributed to specie-specific differences in beta-cell 
proliferative capacity (Kulkarni et al., 2012; P Wang, Fiaschi-Taesch, 
et al., 2015). Factors that enhance human beta-cell proliferation 
might aid in recapitulating the success of beta-cell regeneration 
as observed in the mouse models. A clear overview of molecular 
mechanisms underlying beta-cell proliferation, mostly emerging 
with the help of numerous mouse models, have been reviewed 
extensively (Bernal-Mizrachi et al., 2014; Kulkarni et al., 2012; P 
Wang, Fiaschi-Taesch, et al., 2015); so we will summarize recent 
advances in identifying promising pharmacological, molecular and 
cellular candidates.

High-throughput screens (HTS) to identify inducers of 
mammalian beta-cell proliferation

Our knowledge of the molecular players involved in beta-cell 
proliferation can be expanded by performing large-scale unbiased 
screens to identify small molecules that promote proliferation. Wang 
et al., employed this approach to device a high-throughput screen 
(HTS) targeting the induction of cMYC (P Wang, Alvarez-Perez, et 
al., 2015), a potent driver of human beta-cell proliferation (Karslioglu 
et al., 2011). Human hepatocyte cell line (HepG2) transformed with 
a MYC responsive element driving luciferase was used to screen 
102,300 compounds for their impact on luciferase levels as a proxy 
for MYC expression. Of the 86 top-hits, one compound, Harmine, 
induced robust BrdU incorporation, a read-out of DNA synthesis 
during S-phase of cell cycle, in rodent and human beta-cells. The 
ability of harmine to stimulate human beta-cell proliferation was 
tested in STZ-induced diabetic mouse following transplantation 
of human islets. Transplantation of a limited amount of human 
islets in this diabetic mouse could not normalize blood glucose 
levels. However, harmine treatment of the islet-recipients rescued 
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hyperglycemia, potentially by enhancement of beta-cell mass via 
harmine-induced beta-cell proliferation. Harmine likely induces 
proliferation by inhibiting dual-specificity tyrosine-regulated kinase-
1a (DYRK1A), which in turn activates calcineurin-NFAT (nuclear 
factors of activated T cells) signaling. The screen was based on 
a hepatocyte cell line, and thus might miss beta-cell specific mito-
genic factors. To circumvent the issue, Walpita et al., developed a 
protocol for direct screening of proliferation in human islets (Walpita 
et al., 2012). Human islets were seeded onto custom processed 
culture plates to screen 1280 compounds for their potential to 
induce beta-cell proliferation, assayed by Ki67 and C-peptide co-
staining. The authors tested GSIS of the cultured islets to ensure 
the health and functionality of beta-cells. Although the results of 
the screen remain un-published, the culture system was used to 
validate harmine as a potent stimulation of human beta-cell replica-
tion (Dirice et al., 2016). The two studies illuminate the capacity to 
identify new mitogenic compounds, but translation in vivo would 
require testing beta-cell specificity and safety.

Fishing for compounds that increase beta-cell proliferation 
in vivo

Interventions capable of inducing human beta-cell replication in 
vivo remain limited, potentially due to the lack of tools to screen for 
compounds that induce the endogenous proliferative capacity of 
beta-cells. Zebrafish, with its small size, rapid development, and 
transparency, offers an opportunity for pharmacological screens 
for beta-cell proliferation in a living animal, as demonstrated by 
three studies. Using a system for conditional beta-cell ablation, 
Andersson et al., 2012 screened for compounds that stimulate 
beta-cell regeneration. Notably, the most potent hit NECA, 
stimulated beta-cell proliferation in zebrafish and mouse islets 
via the adenosine receptor-activation (Andersson et al., 2012). 
In the second report, Tsuji et al., developed an in vivo imaging 
approach that specifically labelled proliferative beta-cells using 
a fluorescent ubiquitylation-based cell cycle indicator (FUCCI) 
(Tsuji et al., 2014). The FUCCI genetically marks cells in S/G2/M 
phase with green fluorescent protein, and the label was restricted 
to beta-cells via transgenic expression from the insulin promoter. In 

Fig. 4. Example of beta-cell heterogeneity. A cartoon depicting functional heterogene-
ity among beta-cells. Beta-cells with diverse functional capacity, colored with different 
shades of green, are present within the same islet. This functional heterogeneity might 
reflect differences in differentiation age or replicative potential.

vivo, however, successful examples translating the findings from 
zebrafish to human beta-cells are yet to be shown.

Is there a dedicated population of proliferative and functional 
beta-cells?

The dual task of cell division and insulin release, two energetically 
demanding processes, place a heavy workload on beta-cells. It is 
hypothesized that not all beta-cells take equal part in the prolifera-
tive and functional tasks (Bader et al., 2016; Singh et al., 2017). 
For example, in mouse, the flattop (Fltp, also called Cfap126) gene 
distinguishes the proliferative population from the functional one 
(Bader et al., 2016). In islets of postnatal mice with a knock-in of 
histone 2B-Venus cassette in the Fltp locus, beta-cells display 
heterogeneous Fltp-expression. Specifically, the Fltp+ beta-cells 
show lower replication rate during postnatal expansion phase as 
compared to the Fltp- beta-cells. Additionally, the Fltp- popula-
tion preferentially expands during pregnancy, suggesting that the 
Fltp- cells form a sub-population dedicated preferentially towards 
increasing the beta-cell mass rather than increasing the function. 
Interestingly, the two populations might not be stable as lineage 
tracing of Fltp- population showed transformation of certain Fltp- 
beta-cells into Fltp+ beta-cells. 

Along with the heterogeneity in the proliferative capacity among 
beta-cells, the functional capacity has also been shown to vary. 
Mouse beta-cells display synchronized, rhythmic activity upon 
glucose stimulation, which was shown to be attributed to a small 
subset of beta-cells within the islet (Johnston et al., 2016). These 
highly sensitive beta-cells, termed hub cells, were demonstrated to 
stimulate coordinated activity within the islet beta-cells. Additionally, 
silencing of hub cells specifically disturbed the coordinated islet 
response, suggesting a bona-fide role of these cells in generat-
ing beta-cell rhythm, similar to the pacemaker cells of the heart. 

In contrast to the functionally important hub-cells, a population 
of immature and less functional beta-cells was identified at the 
periphery of the mammalian islet (van der Meulen et al., 2017). 
The immature beta-cells expressed insulin, but lacked makers 
of beta-cell maturity, including urocortin3, and could not respond 
to glucose stimulation. The immaturity of the beta-cells at the 

a screen of 883 small molecules, 20 potential stimula-
tors were identified, among which several compounds 
enhanced serotonin signaling, which is known to induce 
mouse beta-cell replication (Kim et al., 2010). The 
screen was, however, based on high-content image 
analysis, which prevented high through-put screening. 
To improve through-put, Wang et al., developed an 
automated platform for measuring drug and embryo 
dispersion along with software-assisted quantification 
of beta-cell number (G Wang et al., 2015). Importantly, 
automatization of the screen allowed the authors to 
screen over 500,000 zebrafish larvae at multiple con-
centrations of each compound. The study reported 
15 drugs that stimulated beta-cell proliferation, along 
with 9 additional compounds that increases beta-cell 
mass via progenitor differentiation. Interestingly, as 
the FUCCI-based screen, the automated screen also 
identified drugs involved in modulating the activity of 
the serotonin pathway. Altogether, these three studies 
showed the important role for zebrafish in identifying 
compounds that can stimulate beta-cell proliferation in 
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periphery was attributed to the cells being in an intermediate dif-
ferentiation state, wherein with time these young beta-cells would 
acquire functionality. Such time-dependent maturity of differentiating 
beta-cells has also been suggested by our own work on zebrafish 
beta-cells. Using lineage tracing and calcium imaging, we showed 
that beta-cell neogenesis during the post-embryonic stages of 
zebrafish development generates proliferative but less functional 
beta-cells. These newborn cells transition to a more functional 
state with increasing time since cell birth (Singh et al., 2017). Thus, 
the functional heterogeneity within beta-cells could be attributed, 
in part, to subpopulations of beta-cells being present in different 
stages of their life cycle. In this regard, a recent study identified 
novel molecular markers of beta-cell aging (Aguayo-Mazzucato et 
al., 2017). As expected, the proportion of aged beta-cells in islets 
increased with time, but interestingly, the ratio of aged to young 
beta-cells differed within the multiple islets of the same pancreas. 
Inter-islet (between beta-cells), as well as intra-islet heterogeneity 
was observed, suggesting that each islet could exist as a mini-
organ with its own history and functional properties. 

In summary, the beta-cell population might dynamically segregate 
functional and proliferative responsibilities to sub-populations (Fig. 
4). It would be of interest to find receptors and genetic networks 
specific to each sub-populations. The differentially expressed genes 
could become important targets for regulating the proliferative or 
functional pool of cells.

Exploiting heterogeneity to identify molecular regulators of 
beta-cell proliferation

The diversity between beta-cells suggests that the beta-cell 
population is composed of proliferative, quiescent, functionally 
mature, and immature cells (Bader et al., 2016; Dorrell et al., 
2016; Qiu et al., 2017; Singh et al., 2017). The beta-cell states 
could be dynamic, and shift between proliferation and function. 
Resolving transitions between developmental states is made 
possible by ‘pseudotemporal’ analysis (Trapnell et al., 2014). 
Pseudotemporal analysis involves ordering of single cells along 
a line connecting an initial state to final state. Genetic changes 
that correlate with the ordering of cells might regulate the transi-
tion. Zeng et al., exploited the pseudotemporal ordering of single 
beta-cells collected from mice during the first month of post-natal 
life to develop a transition from proliferative to mature state (Zeng 
et al., 2017). The analysis revealed signature of the proliferative 
beta-cell state, which included high expression of Activator protein 
1 (AP-1) transcription factors and genes involved in mitochondrial 
respiration. Enhanced mitochondrial respiration leads to reactive 
oxygen species (ROS) production, a potential inducer of cell pro-
liferation (Boonstra and Post, 2004). The role of ROS in beta-cell 
proliferation was validated by over-expression of catalase, a ROS 
scavenger. Beta-cell specific over-expression of catalase drasti-
cally reduced the proliferation, without affecting its apoptosis or 
the capacity to secrete insulin upon glucose challenge. The study 
elegantly exploits the heterogeneity in beta-cell population to 
reveal the requirement of ROS production for beta-cell prolifera-
tion. However, ROS is a double-edged sword, with high levels 
causing G2/M cell cycle arrest (Boonstra and Post, 2004). The 
inhibitory effect of high-levels of ROS on beta-cell proliferation 
was shown in zebrafish beta-cells (Ahmed Alfar et al., 2017). Ze-
brafish beta-cells, similar to mouse counterparts, show reduced 
proliferation upon cell specific expression of catalase; implicating 

a conserved role for ROS in beta-cell replication. However, high 
levels of ROS, induced by treatments with hydrogen peroxide 
(H202), also inhibited proliferation. In contrast, moderate increase 
in ROS, with treatment with lower concentrations H202 stimulated 
beta-cell proliferation. Altogether, the mouse and zebrafish studies 
challenge the beneficial role of antioxidants in diabetes therapy, 
as they clearly show the positive role of moderate levels of ROS 
in stimulating beta-cell proliferation. 

Can gut microbiota regulate beta-cell proliferation?
The human gut microbiota harbors more than 1000 bacterial 

species with almost 150-fold more genes than found in human 
genome (Qin et al., 2010). The microbiota could be referred to as 
a hidden metabolic ‘organ’ due to its immense impact on nutrition, 
energy consumption and immunity, which could ultimately influ-
ence susceptibility to obesity and diabetes (Musso et al., 2011). 
In a study by Guillemin and colleagues using zebrafish born and 
raised in germ-free conditions, the authors found decreased beta-
cell mass in animals devoid of microbes, suggesting a link between 
microbiota and beta-cell proliferation (Hill et al., 2016). The authors 
identified a novel bacterial protein, BefA (b Cell Expansion Factor 
A), as a possible candidate gene influencing beta-cell proliferation 
in early stages of life. BefA over-expression was able to rescue the 
reduction in beta-cell mass of animals raised in germ-free condi-
tions. The receptor for BefA remains unknown, and thus the cellular 
specificity and a direct link between beta-cells and gut-microbiota 
is still missing. Nevertheless, the study adds an exciting player in 
beta-cell biology: our body’s microbial guests. 

The third of the triumvirate: protection

Beta-cell mass is significantly reduced in patients of Type 1 and 
Type 2 diabetes (Matveyenko and Butler, 2008). In both forms of 
diabetes, a window exists for potentially saving the beta-cells. In 
Type 1 diabetes, following the initiation of insulin treatment, a partial 
remission of almost a month occurs during which good glycemic 
control is maintained with low insulin requirement, which is also 
referred to as ‘the honeymoon period’. For Type 2 diabetes, the 
prediabetic stage could last for a few years. During these time-
periods, preventing the loss of beta-cells provides a preemptive 
strategy against reduction of beta-cell mass. In this section, we 
focus on recent advancements in protecting the beta-cell mass 
and delineating the cellular mechanisms underlying beta-cell loss.

Protection of beta-cells from cytokine mediated apoptosis by 
epigenetic modifications

Beta-cell loss via apoptosis in both Type 1 and Type 2 diabetes 
share certain inflammation-mediated signal transduction pathways 
(Donath and Halban, 2004). Specifically, a pathway involving nuclear 
factor (NF)-kappaB, cytokines and the Fas ligand is suggested to be 
central to inflammation-mediated beta-cell death. Efforts at utilizing 
broad spectrum epigenetic modifiers in inhibiting pro-inflammatory 
pathways in multiple cell types has shown promising results (Patel 
et al., 2011). Specifically, histone deacetylases (HDACs) inhibitors 
were shown to block cytokine-induced beta-cell apoptosis in vitro 
and in the NOD mouse model of Type 1 diabetes (Lewis et al., 2011). 
Recently, another family of epigenetic modifiers, the Bromodomain 
and Extra-Terminal Domain (BET), was implicated in loss of beta-
cells in Type 1 diabetes. The inhibition of BET proteins by small 
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molecule I-BET151 suppressed development of diabetes in the 
non-obese diabetic (NOD) model (Fu et al., 2014). I-BET151 inhib-
ited NF-kappaB pathway in pancreatic macrophages, and reduced 
inflammatory phenotype among them, as judged by transcriptional 
profiling. Additionally, the drug induced beta-cell regeneration in 
the anti-inflammatory environment. Immune responses involve 
wide ranging transcriptional and epigenetic alterations. Epigenetic 
modifications may play a larger role than currently appreciated, 
as evidenced by the fact that the majority of the single nucleotide 
polymorphisms (SNPs) associated with diabetes were found to be 
present in non-coding regions of the human genome (Pasquali et 
al., 2014). Inhibiting epigenetic modifications with small-molecule 
inhibitors provide a promising but evolving strategy. 

Protection of beta-cells from glucolipotoxicity
Glucolipotoxicity, defined by elevated levels of glucose and lipids, 

underlies the multi-organ failure characterizing the later stages of 
diabetes. Glucolipotoxicity also negatively affects beta-cells by 
increasing ER stress and oxidative damage (Poitout and Robertson, 
2008). This impairs proper protein folding, leading to elevation of 
the unfolded protein response that reduces glucose-stimulated 
insulin secretion, further exacerbating unregulated blood glucose 
levels (Back and Kaufman, 2012). Pharmacological agents known 
to reduce functional stress in beta-cells, including anti-diabetic 
drugs such as incretin-mimetic agents and PPAR-gamma agonists 
or GSK3b inhibitors, have also been shown to provide a protective 
effect on human beta-cells (Dalle et al., 2013; Gupta et al., 2010; 
Mussmann et al., 2007; Shimoda et al., 2011). Their protective role 
makes them suitable for treatment during pre-diabetic and early 
stages of Type 2 diabetes.

Beta-cell loss via apoptosis is not the only path towards beta-cell 
loss. Reduction in beta-cell mass has also been shown to occur 
by loss of beta-cell identity, which involves inactivation of genes 
involved in beta-cell maturity and function. In a mouse model 
of insulin-resistance, adult beta-cells were shown to revert to a 
progenitor-like state marked by reduction in key functional genes, 
including insulin, Pdx1 and MafA, while activating Ngn3, Oct4 and 
c-Myc (Talchai, Xuan, Lin, et al., 2012). Furthermore, a mouse 
model of hyperglycemia, the db/db mice, showed inactivation of 
beta-cell specific transcription factors, including MafA, Nkx6.1 and 
Pdx1 (Guo et al., 2013). Reversion of mature beta-cell state to 
fetal-like state is also suggested by ectopic expression of gastrin in 
beta-cells from diabetic rodents and humans (Dahan et al., 2017). 
Gastrin is a stomach hormone expressed in pancreas only during 
embryogenesis. The promising side of dedifferentiation, as op-
posed to apoptosis, is that the loss could potentially be reversible 
as dedifferentiated beta-cells possess the capacity to differentiate 
again to contribute to the beta-cell mass (Wang et al., 2014). A 
screen for drugs that inhibit beta-cell dedifferentiation identified 
Alk5 inhibitor as a potent small molecule capable of blocking 
reversion of beta-cell identity (Blum et al., 2014). Understanding 
the dedifferentiation process and targeting the population of im-
mature beta-cells by small molecules offer a potential therapy for 
restoring the lost beta-cells. 

A world without diabetes

Efforts towards establishing normal blood glucose levels in 
diabetic patients worldwide has substantially improved with the 

progress in recombinant insulin and insulin delivery methods. Yet, 
secondary complications arising due to diabetes claim more than 5 
million lives yearly (Ogurtsova et al., 2017). We have outlined the 
three major beta-cell specific interventions that might accomplish 
the goal of euglycemia maintenance without exogenous insulin 
delivery. The interventions are aimed at re-establishing appropri-
ate beta-cell mass, the gold standard in maintaining blood glucose 
levels. One of interventions, replacement, is currently ongoing 
clinical trials initiated by Viacyte. The phase I to II investigation with 
Food and Drug Administration involves use of trademarked VC-01 
combination product of PEC-01 (pancreatic progenitor cells) in a 
durable macroencapsulation device (ClinicalTrials.gov identifier 
NCT02239354). As we optimistically await the results of the clini-
cal trial, it is worth mentioning that it will be important to establish 
whether cells within a macroencapsulation device effectively sense 
glucose and release insulin in the absence of a direct contact with 
endothelial cells, which is a characteristic feature of the native 
environment of beta-cells. In addition, while a capsule confines the 
cells, it will not prevent the release of unwanted growth factors and 
even the exchange of genetic material via release of exosomes, 
posing safety concerns. Finally, protecting the transplanted cells 
from the stress associated with nutrient-deprivation, hypoxia and 
the presence of soluble cytokines might become critical for the 
success of this approach. Therefore, a multi-disciplinary approach 
combining the expertise from multiple fields: developmental biology, 
clinical practice, material science and many more, provides the 
best chance at subjugating diabetes. In addition, enhancing the 
beta-cell mass in vivo via reprogramming, replication or protection 
will remain topics of intense investigation due to their high promise 
for curing diabetes.
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